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Abstract

Past studies have identified that a significant anmount of wet
weat her flow pollutants is associated with colloidal and | arger
particul ate solids. These particles can play an inportant role
in water treatnent and pollutant transport due to their |arge
specific surface area and high energies that facilitate the
sorption of significant quantities of substances. Since the
col | oidal particles adsorb heavy netal and organic ions and water
borne m croorgani sns, renoval of these particles is of paranount
i nportance in the water treatnent process. In this process,
col l oidal particles, coagulated with mcrocarriers (MJ), can be
renmoved by a high-rate sedinentation process. The MC plays a
crucial role in enhancing settling properties, and in particular,
the renoval of colloidal particles and associ ated contam nants.

A detailed testing procedure and a nethod of experinent al
analysis using a nodified jar test for the MC process have been
devel oped. A series of MC weighted jar tests were undertaken on
parking |l ot stormrunoff, synthetic sanples, and conbi ned sewer
overflow m xed with a MC, coagul ant (el ectrolyte) and coagul ant
aid (polyelectrolyte). Two particle analyzers wth a range of

0.002 to 5 mcroneters (pm and 0.1 to 2,000 um respectively,
were used to determine the full range of particle size
distribution. Different materials were used as the MCin this
study. The operational paraneters being eval uated include
coagul ant dosage, coagul ant aid type and dosage, m xing- and
floccul ati on-induced hydraulic shear or velocity gradi ents and
duration, and characteristics of the MC. The pH, turbidity,
particle size distribution, total solids, total volatile solids,
suspended solids, and zeta potential were determ ned. The
experinmental results reveal that the MC wei ghted coagul ati on
dramatically reduced coagulation (< 3min.) and settling tine (< 8
m n) produci ng high settling velocity flocs and high quality
supernatant (turbidity from> 80 to < 2 NTU).
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Chapter 1
| nt roducti on

1.1 Background

Ur ban wet - weat her flow (WAF), which includes sanitary sewer
overflow (SSO, conbi ned sewer overflow (CSO, and stornmater

di scharge (SWD), contains significant quantities of toxic
substances. WA related toxic pollutants are major contributors
to the degradation of receiving waters. Urban WAF contains a
greater variety of toxic pollutants than sanitary wastewater.

Pol lutants carried off urban catchnments by drai nage systens
during wet weather originate fromnany sources, e.g., conmercial,
industrial, and residential parking areas; roadways; autonobile-
service stations; sewer infiltration from |l eaki ng underground
storage tanks; accidents and spills; park and residential |awns;
construction sites; and active and inactive industrial sites.
Past studies indicate that SSO CSO and urban SWD contain
significant quantities of toxic substances; a nunber of the
hazar dous-waste priority pollutants have been identifi ed.

Wt hout consideration of urban and industrial stormater-runoff

t oxi c- substance control, the various hazardous-substances-cl eanup
prograns will not be effective in controlling total area w de

em ssions of these substances.

Toxi c-organic chem cals (e.g., benzene, polynuclear aromatic
hydr ocar bons [ PAH], pol ychl orinated bi phenyls [PCB], etc.) and
heavy netals (arsenic [As], cadmium|[Cd], chromum[Cr], copper
[Cu], lead [Pb], mercury [Hg], and zinc [Zn]) in storminduced
di scharges contribute to receiving-water degradation (Pitt, et
al ., 1995). The US Geol ogical Survey reported that urban storm
runoff collected fromresidential, conmmercial, and industri al
areas around Phoenix, AZ was found to be toxic to fathead m nnows
and water fleas (Lopes and Fossum 1995). Industrial and
commercial parking lots, material storage areas, and vehicul ar
service stations are the nost significant contributors of such
pollutants to WAF as reported by Pitt, et al.(1995).

Sansal one et al. (1995) observed that |ead, predom nantly
associated with the particle fraction, was nore nobile than
copper for highway runoff. Water quality in a creek bel ow a

hi ghway construction site indicated that the sedi nent
concentrations of total hydrocarbons, aromatic hydrocarbons, and
heavy netal s and water concentrations of heavy netals and

sel ected ani ons increased downstream of roadway runoff (Maltby et
al . 1995). Hydrocarbon contam nation of sedi nents was positively
correlated with potential contam nant | oading functions (that is,
| ength of road drained/streamsize). Boudries, et al. (1996) and
Estebe, et al. (1996) reported that heavy netals and aliphatic
and aromati c hydrocarbons bound to particles in the River Seine
sedi ments near Paris are due to urban WAF di scharges. Such toxic



substances in sedinments create a |long-terminpact on ecol ogi cal
syst ens.

Most of the solids finer than 50 m croneters(umare the principal
vector of pollution in urban stormvater (Chebbo et al., 1990).
Table 1-1 that summarizes results fromurban stormrunoff
characterizations by Ellis and Revitt (1982) and Vi gnol es and
Herremans (1995) indicates the najority of heavy netals are
associated wth particles less than 10 pymwhich are well into the
coll oidal range. Thus, in order to effectively control toxic
heavy netals in urban stormwater, treatnment processes that are
capable to renpove fine particles (<10 unjand to be able to handl e
unst eady- nonuni form stormnvat er fl ow nust be used. However, very
few of the commonly applied physical-chem cal processes are cable
to renmove such fine particles effectively.

Tabl e 1-1. Metal Distribution Versus Particle Size

Suspended Metal Distribution (%
splids Si ze
(mcrometers) | o | oo | o | cu | M | N Pb | zn
> 100 18 9 5 7 8 8 4 5
10 -- 100 36 31 24 30 21 29 23 35
< 10 46 60 71 63 71 63 73 60

One approach of renmoving small particles in urban WAF is to apply
coagul ant to pronote colloid sorption during floc formation prior
to sedinentation than followed by filtration. These processes
achi eve better solids renoval than the plain sedinentation
(retention tank); but unsteady stormwater flow can detrinentally
affect the process efficiency. In recent years, mcro-sand has
been used as weighted mcrocarrier (MC) in ballast-coagul ation of
colloidal particles accelerating settling velocity. This is a new
hi gh-rate physical-chem cal clarification process. It was
originally designed for drinking water treatnent and recently
being tested for treating wastewater and WAF. This process
consists of the addition of a coagulant in the influent pipe, M
and coagulant aid (i.e., flocculant, polyner, polyelectrolyte) in
a m xing chanber, and than followed by maturation (floccul ation)
and sedinentation tanks. The initiation of the reaction of

coagul ation-fl occul ati on processes is inproved by the presence of
the MC and pol ynmer, which increases the bonding of the floc to



the MC, resulting in higher settling velocities. The M crosepD
(U.S. Filter Corporation) and the Actifl o (Omi um de Traitenent
et de Valorisation [OIV]) are two conmercially avail abl e systens

that use recycled MC (e.g., mcrosand), while DensaDegD(InfiIco
Degrenont, Inc.) recycles its sludge. Recently, these processes
are being evaluated at an increasing nunber of pilot units for
treating CSO

1.2 Purpose of Study

In view of the difference between MC and conventi onal

coagul ation-fl occul ati on processes, the existing bench-scal e
testing procedures or standard Jar Test may not be adequate.
Thus, there is a need for developing a new set of bench-scale
testing procedures. The main purpose of this study is to devel op
and eval uate new MC bench-scal e (Jar Test) procedures for

engi neers or plant operators to screen and select the effective
conbi nation of type-dosage of coagul ant, MC, and coagul ant aid
for renoving WAF col |l oidal particles. Determ nation of the
particle size distribution and zeta-potential of colloids enable
a better selection of coagulation-floccul ation agents for the MC
wei ght ed coagul ati on process. Results of the experinental study
herein may offer useful information to provide a framework for
further evaluation on MC wei ghted coagul ati on for subsequent
researchers.

bj ecti ves
The objectives of this investigation are to:

- Evaluate the applicability of conventional jar test
procedure to the MC wei ghted coagul ation, and if needed,
nodi fy the jar test procedure for screening MCs, coagul ants,
and coagul ant ai ds;

« Test the effects of different types and dosages of coagul ant
and coagulant aid in conjunction with MC for selection of
the nost effective conbination;

« Investigate the effect of MC on particle size distributions
and zeta potential of colloids in urban WAF by using the
nodi fied jar test procedure.

Presented belowis a brief reviewrelated to the phenonenon of
coagul ati on.

1.3 Col | oi ds Coagul ati on Anal ysi s

Col | oi d coagul ation is a conplex process which depends on a
nunber of factors such as colloid type, particle concentration,
pH, coagul ant concentration, particle size distribution, surface
area, surface charge, interfacial reactions and collisions

bet ween suspended particles (G egory, 1993). Mathematically, the



coagul ation process is known to be a binary process that has been
nodel ed as a second-order rate process (for exanple, O Mli a,

1993): dn/dt=kn* , where n is the concentration of particles in

suspension at tinme t, and k is a second order rate constant.
From a nmechani stic point of view coagul ati on depends on two

di stinct influences: (a) particles nust nove in such a way that
collision occurs; and (b) interaction between colliding particles
must be such that permanent contacts can be fornmed. These two
factors are related to the rate constant nathematically as

k=ap, where a is a dinensionless sticking coefficient

associated with the colloidal stability while B is a nass

transport coefficient depending on the transport nmechanics and
their particle interactions. Various approaches have been

proposed for determining these coefficients. 1In general, B is
eval uated froma m cro-hydrodynam cs standpoint and a is
determned indirectly fromexperinmental results. It should be

poi nted out that although m cro-nmechani sns of colloidal particle
coagul ati on have been studi ed extensively for chem cal and

bi ol ogi cal applications, interest in water and wastewater
treatment applications only began in the late 1960's. |In any
case, the interest in environnental studies was provided by the
advances in environnental engineering, especially in the theory
of interparticle forces, coupled with the devel opnent of new
experinmental techniques.

Mass Transport Coefficient (B)

Suspended particle collisions occur in water due to velocity
variations caused by three different processes, nanely, Brownian
di ffusion, fluid shear, and differential settling. Generally,
particles less than 0.1 mcroneter in dianmeter my be dom nated
by Browni an diffusion while particles |arger than about 5

m croneters may be transported by settling. Particles in the
range of 0.1 to 5 mcroneters are too |large for Brownian
diffusion and too small for settling.

By assum ng that all particles nove in straight |ines until
contacts occur between them a rectilinear nodel was established
by Snol uchowski. The expressions of B for each of the three
different transport mechani sms have been determ ned anal ytically
(e.g., Cark, 1996). This nodel is considered to be the nost
fundament al approach in colloidal coagul ati on anal ysis. However,
the rectilinear nodel neglects the hydrodynam c influence and the
short-range interactions between approaching particl es.

Mor eover, as aggregates grow in size, transport nechani snms
change, aggregate norphology is altered, and breaking up by
hydrodynam ¢ forces can occur. Recently, questions were raised
with regard to the validity of the rectilinear nodeling approach
Han and Lawl er (1991) nodified this nodel using a curvilinear
track for particle notions by addi ng hydrodynam ¢ consi derati ons.



However, interparticle reactions have not been included in the
anal ysi s.

Colloidal Stability (a)

G ven the possible collisions between particles, stable particles
have to be transfornmed into unstable ones in order to conplete

t he coagul ati on process. Experinents to determ ne the coll oi dal
stability in aquatic systens are scarce. Theories about the
origins of colloidal stability in aquatic systens are few and
gualitative and none has been tested experinentally. The present
status is described well by Professor O Melia: "Theories of
colloidal stability are hel pful in understanding why particles
are stable and in identifying inportant chem cal properties of
solutions and solids that affect stability, but they are not able
to provide accurate quantitative predictions of coagul ation rates
when chem cal repul sive interactions produce | ow attachnment
probabilities (low al phas).” (O Melia, 1993).

Particle Interactions

The earliest and still the only quantitative analysis of colloid
stability is the DLVO theory, devel oped independently by
Derjaguin and Landau (1941) and Verwey and Overbeek (1948).
Essentially, they conbine the Van Der Waal s attraction (caused by
di pole nonments in the constituent nol ecul es of two approachi ng
colloidal particles) and the electrical double |ayer repulsion to
give the total energy of interaction between particles as a
function of the separation distance. All other types of
interactions are ignored. In addition, the theory is dependent
on factors such as colloid type, particle concentration, pH and
coagul ant concentrati on.

Anal ytical formnulation of the double | ayer was devel oped

i ndependently by Gouy and Chaprman who derived the fundanent al
equation relating electrical potential to charge in the diffuse

| ayer (Russel, et al, 1989). The potential at the plane of
shear within the double layer is known as the Zeta potential. It
depends on the thickness of the double layer and its val ue
determ nes the extent of the electrostatic forces of repulsion
bet ween charged particles. The seta potential is a useful and
important tool in providing informati on on the opti num coagul ant
dosage for the mcrocarrier process.

Fractal Approach

The probl em of characterizing particle size becones sonewhat
conplicated for natural particles and their random aggregat es.
Fractal theory has been explored to study this process (e.g.,
Lin, et al., 1989; Meakin, 1988). Since random aggregates
contain greater surface area than any equival ent sphere or other



shape, the aggregate is nore of a 'tenuous' surface (two-

di mrensional ) rather than a three-dinmensional object. For a |large
nunber of aggregates, if the nmass is plotted agai nst aggregate
size on a log-log scale, the plot nmay be linear with a non-

i nteger slope. The relationship between aggregate nass (M and

size (L) can be expressed as M=L" , where the 'slope' (d) of

the line is called the fractal dinmension. For a regular two or

t hr ee- di nensi onal object, the slope is either two or three,
respectively. The lower the fractal dinension, the nore open the
aggregate structure. As the coagulation of solid particle
proceeds, fluid is incorporated into pores in the aggregates that
are fornmed. Aggregate density decreases and total aggregate

vol unme increases as the process continues. The result is that
the target cross sections or collision dianmeters of the
aggregates increase thereby increasing the rates of interparticle
contact brought about by Brownian diffusion, fluid shear and
differential sedinentation. GCbservations of natural and
technol ogi cal systens indicate that the aggregates in these
systens are fractals and have fractal dinensions |ess than three.

Rel evant Aspects

In the past, considerable attention has been given to describing
ai rborne-particle capture in flow past sinple collector
geonetries, especially cylinders (Pruppacher and Klett, 1978;

Wen, 1996). There are simlarities between the capture of gas-
borne particles and |iquid-borne particles based on conputed
forces fromfluid mechanics theory. However, inportant
dissimlarities exist for kinds and magni tudes of other forces
not based upon the field of fluid nmechanics such as electrostatic
force. Oher factors such as different nol ecular nean free paths
for gases and liquids also play an inportant role in the
coagul ati on process.

1.4 Organi zation of Report

This report consists of six chapters and two appendi xes with
associ ated references. First, Chapter 1 presents a background
review on the MC process foll owed by statenent of the primary

obj ectives of the study and a brief review of colloid coagul ation
phenonena of colloids related to water treatnent. Chapter 2
descri bes the major apparatus, instrunents and testing procedures
used in this study. The experinental programis presented in
Chapter 3, which includes sanple preparation and three stages of
experinmental design, nanely, prescreening, screening, and
confirmative tests. Chapters 4 and 5 present experinental
results for surface runoff and CSO jar-tests, respectively.
Summary and reconmendati ons are di scussed in Chapter 6. Appendix
A presents a quality assurance statenent. Appendi x B descri bes
the zeta potential neasurenent procedures recommended by the
manufacturer. In addition, experimental results are presented in
Appendi x C.



Chapter 2

Experinental Instrunents and Testing Procedures

2.1 Test Apparatus and Instrunents

The descriptions for the major test apparatus and anal ytica
instrunents used for the investigation, including the neasured
paraneters, range, nodel nunber, and manufacturer, are listed in
Table 2-1 and briefly described as foll ows:

. Particle size analyzer |, designated as PSA-1, is a large
scale particle size analyzer with a neasurenent range from

0.1 to 2000 pm Figure 2-1 is a photograph of the PSA-

i nstrunent.

. Particle size analyzer 11, designated as PSA-1l, is a
smal|l scale particle size analyzer with a nmeasurenent
range from0.002 to 5 um PSA-11 is equipped with

di sposabl e sanple cells that elimnates the cross sanple
residue influence. Figure 2-2 is a photograph of PSA-I
i nstrunent.

. Zeta potential nmeter. The zeta potential neter and PSA-I
are integrated in one unit. The neasurenent range of the
zeta potential nmeter is fromO.1 to 200 nVW with the particle
size range fromO0.002 to 30 um The resolution is sanple
dependent and in the range of 0.1%to 5%

« Jar test apparatus: A Phipps and Bird (Mdel PB-700™ as
shown in Figures 2-3 and 2-4) was used. D nensions of each
jar are 11.5 X 11.5 X 21 cmdepth which is capable for
testing a volunme of 2,000 mMl water sanple. Each jar is
equipted with a flat stirring paddle (7.6 X 2.5 cmor 19.3
cnf). For MC jar test, the area of the paddl e was increased
to 38.7 cnf for MCjar test in order to generate nore
ri gorous turbulence for keeping mcro-sand in suspension.

. Turbidity neter.

. pH neter.

. Bal ance.



Table 2-1. Specifications of Major Instrunents
Appar at us/ | Measur enent | Measur enment
| nst runment Par anet er Range Model No. Manuf act ur er
Mal vern
Particle 0.102000 pm| Master- I nstrunents Inc.
PSA. | si ze Si zer X | Sout hborough, MA
PSA- | | Particle 0.00205 pm
sl ze 90 Pl us Br ookhaven
conbi ned I nstrument s
Zet a p ”
pot enti al Zeta 0.10200 nmV .
met er potenti al with Cor por at i on
ZetaPlus | poltsville, NY
pH et er pH 10 14
O 1. Analytical
Toc TOC 4010000 ppb | 700 TQC |~ ege Styati on
Anal yzer ’
X
PB- 700™ Phi pps & Bird
Stirrer Jar Test 00300 rpm Jar Ri chnmond, VA
tester
" HF Scientific
Turbi dity Turbidity 0011000 NTU | pRT-15CE | Inc. Fort Myers
nmet er FL
Denver
Bal ance Wi ght 001210 grams | xs.210 | nstrunent Co.
Arvada, CO




Figure 2-1. Particle size anal yzer
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Figure 2-2. Particle size analyzer Il with zeta potential neter
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Figure 2-3. Six stirrer jar apparatus
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2.2 Testing Procedures

Wth the exception of zeta potential neasurenent, all paraneter
measur enent procedures were based on USEPA procedures or Standard

Met hods. The neasurenent procedures are summarized in Table 2-2.
Tabl e 2-2. Paraneter Measurenent Procedures
Par aneter | Sanpl e Type Nﬁ&?Od Method Title Ref erence
Particle St or mnat er Particle count St andard
Si ze M crocarrier 2560 _and si ze 1
di stribution Met hods”
Zeta Appendi x | Zeta potenti al
Potent | al St or mnat er B neasur enent Manuf act ur er
NS st Coagul at i d AEEP
i ght ed or maat er -1 agul ation an EP
Jar Test M crocarrier fl occul ation (rmodi fi ed)
pH St or nwat er 150. 1 pH EPA®
' (el ectronetric)
Vol atil e Resi due, (3)
Sol i ds St or mnat er 160. 4 Vol atil e EPA
. Turbidity (3)
Turbidity St or mnat er 180. 1 (Nephel onet i ¢) EPA
Suspended Resi due, Non- (3)
Sol i ds St or mnat er 160. 2 filterabl e EPA
Tot al : (3)
Sol i ds St or mnat er 160. 3 Resi due, Tot al EPA

“Wstandard Methods, 18th edition suppl enent (1995). ®Envi ronnent al

Engi neering Unit Operations and Unit Processes Laboratory Manual, Association
of Environmental Engineering Professors (1971). “*Met hods for Cheni cal

Anal ysi s of Water and Wastes, EPA-600/4-79-020 (1983).
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Figure 2-4. Square jars
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MC Wei ghted Jar Test

The jar test has been used as a nethod for evaluation of the

ef fectiveness of coagul ants and coagul ant aids for renoval of
solids in water treatnent for many decades. Detailed jar test
procedure can be found in numerous publications (Cohen, 1957;

Bl ack et al., 1957, 1969; Canp, 1968; AEEP, 1971; ASTM 1996).
However, the MC weighted jar test is a new application due to the
di fferent physical characteristics of the m xture.

In the MC weighted jar tests, water sanples of equal vol une
(1,000 M) were poured into a series of six 2-litter square
beakers on a multiple stirring nmachi ne equi pped with a vari able
speed drive. After precal cul ated dosages of the mcrocarrier,
coagul ant, and coagulant aid (i.e., flocculant, polyner, or

pol yel ectrol yte) had been added to the beakers, the contents were
rapidly stirred to sinmulate flash m xi ng and then reduci ng
stirred to sinulate flocculation. After a given period of tine,
the stirring was stopped and the floc forned was all owed to
settle.

During the process, illumnation aids were used in watching floc
formati on; however, heating effects fromthe Iight were avoi ded.
The controlling paranmeters are enunerated as foll ows:

The vol une of the sanple.

The size and shape of the container.

Peri pheral speed and tinme of rapid m xing.
Peri pheral speed and tinme of slow m xing.

Type and dosage of mcrocarrier, coagulant and coagul ant
aid (i.e., flocculent, polyner, or polyelectrolyte).

A A

The principal procedures include the follow ng steps:

1. Collect stormsurface runoff sanple, prepare synthetic
sanpl e (see Section 3.1), or CSO sanple. Measure the
sanple for pH value and turbidity reading.

2. Pour 1,000 M of the water sanple into each two-liter jar
on the jar-test apparatus and check stirrer operation. A
light table facilitates viewing of the contents of the
beakers.

3. Add controlled amounts of MC, coagul ant, and fl occul ant
dosage to the designated jars.

4. Flash mxing for 200060 seconds at 1000200 rpm

Slow mi xing for 1000120 seconds at 300060 rpm Record the
el apsed tine before a visible floc is fornmed. |If large
flocs are forned, it nmay be desirable to reduce the paddle
speed. Record the appearance of the floc forned.

6. After flocculation, renove the paddles and settle for 2030
m nut es.

15



7. Collect the supernatant fromthe sanpling port on each jar
and nmeasure the turbidity; the settled solids should not
be di sturbed during sanpling. Select and recored the
dosage of coagul ant and fl occul ant based on the
supernatant clarity and settleability of floc.

Particle Size Determnation
Principle

Both particle size analyzers (PSA-1 and PSA-11) used in this
study are based on light-scattering techni ques using a Helium
Neon | aser as the light source. However, the signal collection

and conversion for the two instrunents are different.

In the PSA-1 system the direct path of the |ight beamthrough
the flowcell is scattered by a particle as it flows through the
measur enent zone with the fluid (see Figure 2-5). Scattered |ight
over a fixed range of angles is collected by a photo-voltaic
cell. Based on the principles of Fraunhofer diffraction,
particle size can be determned fromthe angle (08) and intensity

(I') of scattering as foll ows:
2172 :

109 Jl'(czsme) ; q= 2ma
sn“6

where a is the particle radius; J, is the first order Bessel

function; and A is the wavelength. For nulti-particles, the
resulting responses fromall particles are collected and
mat hematically deconvoluted to generate the size distribution.

In the PSA-11 system the scattered light is collected at a 90
degree angle to the light source (see Figure 2-6). The photon
correl ation spectroscopy of quasi-elastically scattered |ight
techni que, based on correlating the fluctuations about the
average scattered light intensity, is the measurenent nechani sm
The total neasurenent tine is divided into small intervals called
delay tinmes. These intervals are selected to be snmall conpared
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with the tine it takes for a typical fluctuation to relax back to
the average. The scattered light intensity in each of these
intervals, as represented by the nunber of electrical pulses

regi stered during each delay tine, fluctuates about a nean val ue.
The intensity auto-correlation function is formed by averagi ng
the products of the intensities in these small tinme intervals as
a function of the time between the intervals (delay tinmes). As
the delay tinme increases (t), the correlation (c) decreases and
the function approaches the constant background termB. In
between these two limts the function decays exponentially for a
nonodi sperse suspension of rigid, globular particles and is given

by
c(t)=Ae?" +B

where A is an optical constant determ ned by the instrunent
design, and I' is related to the relaxation of the fluctuations

by

r=Dg’
where Dis the transitional diffusion coefficient. The val ue of
gis calculated fromthe scattering angle (8 = 90 degrees), the

wavel ength of the laser light (A=0.635pun), and the index of

refraction (n) of the suspending liquid. The equation relating
t hese paraneters can be expressed as

_2m o
q= p ZSH%Q

For a sphere, there is
KT
3rrnD

where d is the particle dianeter; k is Boltzmann's constant; T is
the tenperature; and n is the viscosity of the liquid in which
the particle is noving. The above equation is based on the
assunption that the particles are noving independently of one
another. In case a particle is not spherical, the d cal cul ated
fromthe above equation is considered as a particle size

i ndi cator.

Measur enent Procedure

The principal steps for particle size distribution measurenent,
in accordance with the Standard Met hods For Exam nation of Water
and Wastewat er (Standard Met hods, 1995), are enunerated as

foll ows:

1. Preparation. The instrunent and any sanple handling unit
shoul d be switched on and any connections between the
optical unit, sanple handling unit and conputer should be
in place. The correct range |lens should be fitted to the
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instrunment and the |lens caps renoved. Any sanple cel
shoul d be correctly fitted and the w ndows shoul d be
clean. In particular, the correct instrunent range shoul d
be sel ect ed.

2. Background measurenent. A background neasurenent is
necessary before any sanpl e nmeasurenent.

3. Blank sanple nmeasurenent. Measure at | east one bl ank
sanpl e of particle-free water.

4. Calibration. Calibrate by determ ning the channel nunber
into which particles of known size are sorted by the
instrument. Use spherical particles manufactured for this
purpose. Use three sizes of calibration particles in
simlar concentrations to calibrate a sensor. Calibrate
under conditions identical with those of the sanple
measurenent, e.g., settings on the instrunment, flow rate,
and type of sanple cell

5. Measurenent of sanples. The |ight scattered by the
particles nmust be neasured for a suitable period to ensure
that all particles are represented in the nmeasurenent and
to average out fluctuations caused by the dispersing
medi um A suitable neasurenent period is 10 to 30 seconds
dependi ng on the size range of the distribution.

6. Data reporting. Particle concentrations should be shown
in both tabular and graphical formats.

In the course of experinments, it was found that the | arge
particles (> 5 pum produced interferences during the nmeasurenent

of small particles (<5 um. Furthernore, the neasurenent of
smal | particles was found to be inconsistent in the presence of

| arge particles, even if a |ow concentration of |large particles
existed. In order to elimnate the interferences froml arge
particles, a special filtration process was necessary before
measuring the small particle size. An attenpt was nade with
different types as well as different pore size filters. It was
concluded that filter paper (regardless of type) was not suitable
for this experinent. Having experinmented with other filtering

processes, a disposable nylon syringe filter wwth 5 um pore size
was found to be suitable for the study.

Zeta Potential Measurenents
Principle

The basic principles of zeta potential neasurenents include three
different aspects. First, the velocity (V) of charged coll oida
particles in liquids between the electrodes is neasured by a

| aser Doppler shift. Second, the el ectrophoretic nmobility (u)

is determ ned based on the neasured velocity and the electric
field strength (E) by the equation V=uE. The zeta potential ()
can be calculated fromthe solution conditions and the nobility
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by the equation {=pun/e where n is the viscosity of the liquid
and € is the dielectric permttivity. However, the equation is
only correct for certain conbination of particle size and ionic
strength. Either nobility or zeta potential nmay be used as
measures of dispersion stability although zeta potential is used
nmore widely. The principles of zeta potential neasurenent are
illustrated in Figure 2-7.

Measur enment Procedure

A detailed testing procedure that is recommended by the
manuf acturer is given in Appendix B. Mjor steps are outlined as
fol | ows:

1. Instrunent preparation.
Backgr ound neasurenent.
Bl ank sanpl e neasurenent.
Cal i brati on.

Sanpl e preparation.

Clean the electrodes and insert the el ectrode assenbly
into the cell

Insert the cell into the cell conpartnent.
Make a neasurenent.

A

© N
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Chapter 3
Experi nmental Program

3.1 Sanpl e Preparation

Past studies have identified urban stormwater runoff as a major
contributor to the degradation of many urban | akes, streans, and
rivers. Industrial and comrercial parking lots, material storage
areas, and autonobile service stations are the nost significant
contributors of a variety of pollutants to wet weather flow
Therefore, an attenpt was nmade to anal yze both stormater runoff
and synthetic sanples. The former was intended to provide a
prelimnary guideline in parking | ot runoff characteristics,
while the latter allowed a consistent background for
experinmentation. Preparation and eval uation procedures for each
type of sanple are described in this section. In addition, CSO
sanpl es were al so used for this study.

Sur f ace Runof f

During the initial stage of the investigation, surface runoff
sanpl es were collected froma parking lot. In addition to
natural storm surface runoff sanples, sinulated runoff was
generated by spraying the above-noted parking lot with city water
during dry weat her peri ods.

The parking ot used in this study was the Oto H York Center
Par ki ng Lot #3 at the New Jersey Institute of Technol ogy (NJIT)
canmpus in Newark, New Jersey. The parking |lot has a capacity of
60 cars with a dinmension of approximately 100 nmeters by 30 neters
with a 4% grade. It operates seven days per week with five days
at full capacity.

Sanpling of actual stormmater runoff events is weather dependent,
and hydrol ogic factors such as the interval between storm events,
rainfall intensity, total rainfall, etc. are randomin nature,
and, as such, greatly affect runoff characteristics. Because of
this, the time to conduct the experinments and the ability to
replicate results with varying sanpl es would have required a
substantially |onger period than is programmed in the
investigation. Therefore, actual runoff sanples were used only
in the prelimnary stage of this study to test the feasibility of
t he MC process.

Sanpl i ng.

Bul k runof f sanples generated by natural rain or by spraying a
predeterm ned area of the parking lot with city water were
sanpl ed at the beginning of the precipitation event directly from
t he drai nage inlet chanber by a hand-bucket and industrial vacuum
apparatus. The pavenment was washed fromthe highest elevation to
the | owest elevation. The total area washed for each of the
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tests was approxi mately 3,000 square feet. Sanpling setup and
operations were prepared at |east two days prior to rainfal
events anticipated in accordance with the weat her forecast.

Sanpl e Preservation, Transportation, and Storage.

Sanpl es were transported to the |aboratory within five mnutes
after finishing the sanple collection process. The preservation
and holding tine of sanples are listed in Table 3-1.

Table 3-1. Preservation Condition and Hol di ng Ti ne
For Sanpl e Anal ysis

Par anmet er Cont ai ner Preservation Hol di ng Ti e
i?rtiqle sl ze P, & Cool . 4°C 48 hours**
istribution '
Zeta potenti al P, G Cool , 4°C 48 hours**
Suspended solid P, G Cool , 4°C 7 days
Total solid P, G Cool , 4°C 7 days
Vol atile solids P, G Cool , 4°C 7 days
pH P, G None | medi ately
Fecal coliform P, G Cool , 4°C 6 hours
Total organic P, G Cool , 4°C 28 days
car bon
Turbidity P, G Cool , 4°C 48 hours
P -- plastic container; G-- glass bottle

*x No standard holding tine is given in the currently avail able
l[iterature. This nunber is selected based on turbidity
hol di ng ti ne.

Synt heti c Sanpl es.

As indicated above, evaluation of the MC process by both natural
and sinmul ated runoff requires a substantial anount of sanpling
due to the randommess of runoff sanples. Since the dry residual
materials froma parking facility al so possess the basic
constituents of parking lot runoff, such residues were collected
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and used to prepare synthetic sanples. It was found that two
types of dry materials existed:

Type | -- Low organic content materials. The type | material is
a |l ow organi c content sandy-like residue that was found in the
area along the walls of the parking deck. The total volatile
solid content of this type of material was found to be | ess than
1% by weight. This material was sieved and divided into the
seven particle size ranges as shown in Table 3-2.

A series of sanple preparation evaluation tests were conducted to
determ ne the quantity of each range for the aqueous sanple to be
anal yzed. It was found that the material with grain size |arger
than 106 pmwoul d settle too fast to nmake a uniform sanple. It
was concluded that particles smaller than 106 um were nore
suitabl e for suspension than the |larger particles. Subsequently,
particles smaller than 106 um were used to prepare synthetic

sanpl es. The constituents of the synthetic sanples are
illustrated in Table 3-3.
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Table 3-2. Dry Sanple Size Characteristics
Particle D aneter Control Sieve No.
(UM (ASTM

| ess than 53 270
53 O 75 270 O 200
75 0 106 200 O 140
106 O 150 140 O 100
150 O 250 100 O 60
250 U 425 60 O 40
| arger than 425 40

Tabl e 3-3. Conposition of Synthetic Sanples
MVat eri al P - Rel ative
Type Speci fication Vi ght * Remar ks
size < 53 (um 38. 9%
Type |
Low organi ¢ 53 < size < 75 19. 4% By sieve anal ysis
cont ent (um
mterial 175 < size < 106 | g 4,
(pm
Type 1l H'%n”ﬂzgﬁn'c 1. 9% H gh organi c content
with materials were ground
d ay 0.1 <size <3 31 4% with clay
(pm
Tot al 100%

* pased on the tota
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Type Il -- High organic content nmaterial. The type Il materi al
is a high organic content residue that was attached to the ground
surface under each parked car. The total volatile solids for
this type of material were found to be approxi mtely 18% by

weight. In perform ng sanple preparation tests, it was observed
that this nmaterial either settles at the bottomof the jar or
floats on the surface. 1In order to obtain suspended volatile

solids, the high organic content material was first ground with
clay and then used to prepare an aqueous sanple. After grinding
with clay, it was observed that the type Il solids remained in a
suspended state, which was confirmed by total volatile solid
testing. A series of tests were conducted to determ ne the
proportion between clay and the original sanple. Both |ow and

hi gh organic content materials were conbi ned and used to generate
a synthetic sanple. The conposition of the type Il material
ground with clay is shown in Table 3-3.

Conbi ned Sewer Overfl ow

The Gty of Perth Anboy operates a conbi ned sewer system and
wast ewat er transfer punping station that collects conbi ned
sanitary sewage, industrial wastewater, and stormrunoff from an
approximately 7 square kiloneters drainage area to a regiona
wast ewat er treatnment plant owned and operated by the M ddl esex
County Utilities Authority. The wastewater transfer punping
facility is located at the junction of Water Street and Sadowski
Par kway. A CSO regulator is directly |ocated about 20 feet bel ow
t he Sadowski Parkway with an overflow weir and 84" di aneter CSO
tide-gated outfall to the Arthur Kill.

The inflow fromthe interceptor discharges into one of two
screeni ng channel s each equi pped with a nmechanics coarse bar
screen for renmpving screenings and protecting the sewage punps.
The screen chanber inflow was collected for the MC coagul ati on
st udy.

The channel is housed in an enclosed building with 24 hours a day
access and a person always on duty. Git, that accumulates in the
channel, is renoved fromthe facility nonthly.

3.2 Measurenent Paraneters

In this experinmental program the paraneters were divided into
control and response vari abl es.

Control Vari abl es

Control variables are independent variables of a system whereas
response vari abl es are dependent variables (results). In this
study, the control variables included the follow ng paraneters:
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- MC type, size range, and concentration.

- Coagul ant type and concentration.

- Coagul ant aid (coagul ant aid) type and concentrati on.
- Rapid mxing tine and rotation rate.

- Slow mxing (flocculation) time and rotation rate.

Response Vari abl es

Response variables are indicators used for determ ning the

ef fectiveness of the control variables. Response variables may
provi de useful information in determning the optimal setup for
control variables. 1In this study, the foll ow ng paraneters were
used as response vari abl es:

- Supernatant turbidity.

- Supernat ant pH

- Supernatant particle-size-distributions.
- Supernatant zeta potential.

- Supernat ant suspended sol i ds.

- Supernatant total solids.

- Supernatant volatile solids.

- Supernatant fecal coliform

- Supernatant total organic carbon.

Raw St or mwvat er Characterization. The raw sanples including
surface runoff, synthetic sanples, and CSO (see Section 3.1) were
characterized by the foll owi ng paraneters:

pH Total volatile solids
Turbidity Zeta potenti al
Total solids Total organic carbon
Particle size distribution Fecal coliform

Suspended sol i ds

3.3 Experinental Design

The experinental design of this study consisted of a three-|ayer
experinmental design: prescreening tests, screening tests, and
confirmative tests. The purpose of the prescreening tests during
whi ch different experinental conditions were eval uated by visual
observation was to determ ne the range of operational paraneters.
Upon the conpletion of the prescreening tests, screening tests
were perfornmed followed by confirmative tests. The purpose of
screening and confirmative tests was to provide a quantitative
anal ysis of the MC process. Detailed descriptions of M

coagul ant, coagul ant aid, prescreening tests, screening tests,
and confirmative tests are given in the follow ng sections.
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M crocarrier (M)

Two types of material were selected to use as MC, nanely, Otawa
sand and a beach sand obtai ned from Sandy Hook, NJ. Both sands
were used in prescreening tests. Otawa sand was selected in
screening and confirmative testing, due to its durability and
size uniformty over the Sandy Hook beach sand and commerci al

avai lable in large quantity. The size range of Otawa sand tested

was between 100 to 500 um The MC size ranges and concentrations
were determ ned by prescreening tests.

Al containers and MC were first washed thoroughly with a
detergent and hot water, then rinsed with hot water to renove al
traces of residual washing compound, and finally rinsed with
particle-free water.

Coagul ant

Alum (al um num sul fate, Al ,(SO),.18H0O and ferric chloride

(Fed ,.6HO were used as the coagulants for this study. Al um num
sul fate has been enpl oyed extensively in water and wastewat er
treatment because it is usually | ess expensive than ot her

coagul ants and it operates effectively close to neutral pH s
while ferric chloride is effective over a wi der pH range.
Concentrations of coagulant reported in this report are the
concentration of alumnumsulfate as ng of Al ,(SO).-18HQO L and
the concentration of ferric chloride as ng of Fe™ /L.

The zeta potential and pH of alum numsulfate and ferric chloride
were neasured at different concentrations. Stock coagul ant test
solutions were prepared daily by m xing chem cals with deionized
water to a concentration of 10 g/L (1 nL of stock solution when
added to 1 L of sanple is equivalent to 10 ng/L). The zeta
potential and pH values of the deionized water were close to 0 mv
and 7, respectively.

The zeta potential distributions of alum numsulfate and ferric
chloride solutions for different concentrations are presented in
Figures 3-1 and 3-2. The zeta potential increases wth the

i ncrease of concentration within the range of 100100 ny/L for
bot h coagul ants. For concentrations higher than 100 ng/L, no
significant changes for zeta potential was noticed.
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Figure 3-1. Zeta Potential D stribution of Alumnum Sulfate Sol ution
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Figure 3-2. Zeta Potential D stribution of Ferric Chloride Solution

Figures 3-3 and 3-4 illustrate variation of pH values with

di fferent concentrations of coagul ant. The pH val ue decreases
from5.2 to 3.5 for alum num sul fate concentrations increases
from 10 to 1000 ng/L as Al ,(SO).,.18H0O, and the pH val ues vary
from3.5 to 2.3 for ferric chloride solution when the
concentration of ferric chloride increases from10 to 1000 ng/L
as Fe™ (or 48 to 4,800 ng/L as Fed ,.6HO).
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Figure 3-4. pH Distribution of Ferric Chloride Sol ution

Coagul ant Aid

There are many commercially avail abl e coagul ant ai ds or

pol yel ectrol ytes. Five polyelectrolytes fromtwo different

manuf acturers (see Table 3-4) were used in the experinents.

Among them four (POL-EZ-2466, POL-EZ-3466, POL-EZ-2696, and POL-
EZ-7736) were used in surface runoff tests and one (309C) for CSO
tests. Zeta potential distributions versus polyel ectrol ytes
concentrations are illustrated in Figures 3-5, 3-6, 3-7, and 3-8,
respectively. For cationic and anionic polyeletrolytes, the
charge strengths are stronger for higher concentrations, while
for non-ionic polymer, there is no significant change in zeta

pot enti al when concentration increases.
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The rel ati onship between coagul ant aid concentrations and zeta
potential values based on |l og-linear regression is sunmarized in
Table 3-5 and illustrated in Figure 3-9. One can see that the
cationic (POL-EZ-2466 and POL- EZ-3466) and ani oni ¢ (POL- EZ-7736)
coagul ant aids have simlar strengths of charge while the zeta
potential of the non-ionic coagulant aid (POL-EZ-2696) is
conparatively insignificant.

Table 3-4. List of Coagul ant Aids

Coagul ant Aid I D Char ge Test Stage | Manuf acturer
(Pol yel ectrol yte)
PCL- EZ- 2466 PE- 1 Cationic
oo Sur face Cal gon
POL- EZ- 3466 PE- 2 Cationic Runof f Cor por at i on
oo Pi ttsburgh
POL- EZ- 2696 PE- 3 Non-1i oni c Pennsyl vani a
PCL- EZ- 7736 PE- 4 Ani oni ¢
Pol ydyne, Inc
309C PE- 5 Cationic CSsO Ri ceboro
Georgi a
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Zeta Potenti al

Zeta Potenti al

POL-EZ-2466 (cationic)

70 T Z= 26+ 13log C Correlation Coefficient = 0.9
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Figure 3-5. Zeta Potential D stribution of PCOL-EZ-2466

POL-EZ-3466 (cationic)

100 +
®  Measurement
80 T _
— Regression

60 T ¢

40 T

20 T Z= 19+ 23logC
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0
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Figure 3-6. Zeta Potential D stribution of PCOL-EZ-3466
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Zeta Potenti al

Zeta Potenti al

POL-EZ-2696 (non-ionic)
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Figure 3-7. Zeta Potential D stribution of PCL-EZ-2696

POL-EZ-7736 (anionic)
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Figure 3-8. Zeta Potential D stribution of PCOL-EZ-7736
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Table 3-5. Zeta Potential of Coagul ant Aids

Coagul ant ai d Zeta Potential versus Concentration
POL- EZ- 2466 Z =26+ 13 log C
POL- EZ- 3466 Z =19 + 23 log C
POL- EZ- 2696 Zaverage = <74
St andard deviation = 1.6 nV
POL- EZ- 7736 Z=-33-201lo0og C
100 —
= N - POL-EZ-
= 50 4+ = —— 2466
5 - ——= - —— 3466
o O T 2696
=~ S 7736
S 504 Tl
() -
N i - = = —
-100 : : : : |
0.1 1 10 100 1000 10000

Concentration (mg/L)

Figure 3-9. A Conparison of Zeta Potential of Coagulant Ad

Experi ments

The experinental program consisted of three phases, nanely,
prescreeni ng, screening, and confirmative tests. The
prescreeni ng phase was a qualitative determ nation that provided
operational setups for the screening and confirmative tests. The
screening tests eval uated various coagul ant and coagul ant aid
concentrations for the MC jar tests. Finally, the confirmative
tests assessed the effects of MC size and concentration in the
jar test. The function and program of each phase is described in
detail in the follow ng sections.
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Prescreeni ng Jar Tests

The prescreening tests consisted of a qualitative
characterization to provide testing ranges for the control

vari abl es (see Section 3.2). 1In the prescreening tests, a series
of jar tests was perforned on natural and artificial stormrunoff
sanples m xed with MC, coagul ant and coagul ant aid. The
operational paraneters included: coagulant aid type and dosage,
coagul ant dosage, rapid mxing rate and duration, floccul ation

m xing rate and duration, and MC type, concentration, and size.
The degree of agitation, time required for good floc formation,
and the tine required for settling were noted. Since the results
are largely conparative, visual observation was enpl oyed.
Quantitative analysis was consi dered unnecessary. The paraneters
and their ranges are listed in Table 3-6.

Table 3-6. Parameter Setup for Prescreening Jar Tests

Par anet er Mat eri al Val ue Ranges
: O tawa sand 1000 500 pm
MC Size Beach sand H
- O tawa sand
MC Concentrations Beach sand 3010 g/L
Coagul ant Al um num sul fate 100120 ng/ L
Coagul ant aid POL- E- Z 3466 0.301.5 ny/L
Coagul ant aid POL- E-Z 2466 0.301.5 ny/L
Coagul ant aid POL-E-Z 7736 0.301.5 ny/L
Coagul ant aid POL- E-Z 2696 0.301.5 ny/L
Rapid M xing Rate | ———m—— 600 200 rpm
Fl occul ati on Rate |  ———m— 10060 rpm
Rapid M xin
Buration S — 1000120 sec
Fl occul ati on .
Duration |  — 10 secd30 mn
Settling T @ |  —/7  —77-— 1030 mn
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The m ninmumenergy and time that can initiate all the MCinto
suspensi on were selected as the rapid mxing rate and duration
for the jar tests. In addition, the mninumrate to keep all MC
i n suspension was selected as the optinmal flocculation rate. The
optimal flocculation tine was determ ned based on floc formation.
The rapid mxing rate and duration as well as the floccul ation
rate and duration were determ ned by visual observation. A
summary of paranmeters with respect to this criteria selection is
shown in Table 3-7.

Five MC configurations with different sizes and concentrations
were sel ected based on prescreening tests and they are identified
in Table 3-8.

Table 3-7. Determnation of Rapid Mxing Rate with Duration and
Fl occul ation Rate with Duration
Par anet er Selection Criterion

M nimum energy to initiate MCinto the

Rapid m xing rate suspensi on

Rapi d m xi ng Mnimumtime to achieve fully m xed
duration condi tion

M ni mum energy to keep all MC and floc in

Fl occul ation rate the suspension

: Best floc formation (size and density) at
Flgﬁfg{?gkon observation intervals of 1, 3, 5, 10, 15,
20, and 30 mn

Screening Tests

The screening tests focused on determ ning the optimal doses of
coagul ant and coagul ant aid for the MC process. There were three
test levels with different conbi nations of MC, coagul ant and
coagulant aid. A summary of paraneter eval uation for screening
as well as confirmative tests is presented in Table 3-9.
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Tabl e 3-8. MC I dentification

MC type Mat eri al Si ze Dosage (g/L)

MC- 1 O tawa sand 530150 pm 3
(Si eve #2700 #100)

MC- 2 O tawa sand 1500250 pm 3
(Si eve #1000 #60)

MC- 3 O tawa sand 530150 pm 10
(Sieve #2700 #100)

MC- 4 O tawa sand 1500250 pm 10
(Si eve #1000 #60)

MC- 5 O tawa sand - 93075 pm 3
(Si eve #2700 #200)

Table 3-9. Screening and Confirmative Tests Parameter Eval uation

Test Par anet er Control Variabl e
MC-1 and Coagul ant
Screen level 1 Coagul ant concentration
MC- 1,
Screen | evel 2 Coagul ant, and Coagul ant

Coagul ant aid concentration

MC- 1 i
’ Coagul ant ai d
Screen |l evel 3 Cgoaaggudlaanrft, aaimdd concent ration
MC-1, M2, MC si ze
: - MC-3, MC-4, -
Confirmative Coagul ant, and MC concentration

Coagul ant aid

Rate and duration for rapid m xing and floccul ation determned in
prescreening tests were used for the screening tests. Turbidity
was used as a water quality indicator. Supernatant sanples were
taken at settling tinmes of 3 and 8 m nutes, respectively.
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Det erm nati on of optinmal dose was based on the follow ng
criteria:

« Select the jar with the lowest turbidity, unless

- The difference between the |lowest turbidity jars is |ess
than 20% in which case, select the jar with the | ower
chem cal dosage.

Level 1. The purpose of Level 1 testing was to determ ne the
best coagul ant dosage in the absence of coagulant aid. MC1 was
used for each jar. Coagul ant concentration setup, ranging from?O
to 80 ng/L, is illustrated in Table 3-10.

Tabl e 3-10. Screening Tests -- Level 1
Test Addi tive Jar No.
Set 1 2 3 4 5 6
MC MC - 1
o Coagul ant 0 10 | 20 | 40 | 60 | 80
(mg/ L)

Level 2. The purpose of level 2 testing was to determ ne the
best coagul ant dosage in the presence of coagulant aid. The

i nfluence of coagulant aid on the optinmal dosage of coagul ant was
t hus determ ned. Coagulant, MC-1, and 1 ng/L coagul ant aid were
used in the tests. The coagul ant concentration setup, ranging
fromO to 80 ng/L, is illustrated in Table 3-11

Level 3. The purpose of level 3 testing was to determ ne the

i nfluence of coagul ant aid concentrations. The optinmal coagul ant
concentration based on the test results of level 2, and MC-I was
used for each jar. The coagul ant aid concentration setup,
ranging from0.3 to 1.5 ng/L, is presented in Table 3-12.
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Tabl e 3-11. Screening Tests -- Level 2
Test Addi tive Jar  No.
Set 1 2 3 4 5 6
NC MC - 1
0.1 |Ceagulant (mo/L) | o | 10 | 20 | 40 | 60 | 80
Coagul ‘(”‘%/ ﬁi)d 1 1 1 1 1 1
NC MC - 1
0.p |Coagulant (mo/L) | o | 10 | 20 | 40 | 60 | 80
Coagl ‘(”‘%/ ﬁi)d 1 1 1 1 1 1
NC MC - 1
0.3 |Coagulant (mo/L) | o | 10 | 20 | 40 | 60 | 80
Coagyl ‘(”‘%/ ﬁi)d 1 1 1 1 1 1
NC MC - 1
o, |Rgulant (mo/L) 1o | 10 | 20 | 40 | 60 | 80
Coagy! (ar[g / La)i d 1 1 1 1 1 1
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Tabl e 3-12. Screening Tests -- Level 3
Test Addi tive Jar  No.
Set 1 2 3 4 5 6
MC MC- 1
Coagul ant
3-1 (ng/ L) based on results fromtest set 2-1
Coagul ant ai d
PE-1 (ny/ L) 1 0.3 0.5 0.7 1.2 1.5
MC MC- 1
Coagul ant
3-2 (ng/ L) based on results fromtest set 2-2
Coagul ant ai d
PE-2 (ny/ L) 1 0.3 0.5 0.7 1.2 1.5
MC MC- 1
Coagul ant
3-3 (ng/ L) based on results fromtest set 2-3
Coagul ant ai d
PE-3 (ny/ L) 1 0.3 0.5 0.7 1.2 1.5
MC MC- 1
Coagul ant
3-4 (ng/ L) based on results fromtest set 2-4
Coagul ant ai d
PE-4 (ny/ L) 1 0.3 0.5 0.7 1.2 1.5

41




Confirmati ve Tests

In confirmative tests, it was intended to determ ne the inpact of
the MCs with respect to their size and concentration. |In these
tests, one coagul ant, four MCs, and four coagul ant aids were
used. The experinmental setup is outlined in Table 3-13.

Tabl e 3-13. Confirmati ve Tests

Test Additive Jar No.
Set 1 2 3 4 5
MC MC -1
C1 Coagul ant Based | Based | Based | Based | Based
(mg/ L) on on on on on
an Test Test Test Test Test
Set Set Set Set Set
Coagul ant 1-1 | 31 | 32 | 33 | 3-4
aid
(my/ L)
MC MC - 2
C 2 Coagul ant Based | Based | Based | Based | Based
(mg/ L) on on on on on
an Test Test Test Test Test
Set Set Set Set Set
Coagul ant 1-1 | 31 | 32 | 33 | 3-4
aid
(my/ L)
MC MC - 3
C 3 Coagul ant Based | Based | Based | Based | Based
(mg/ L) on on on on on
and Test Test Test Test Test
Set Set Set Set Set
Coagul ant 1-1 | 31 | 3-2 | 33 | 34
aid
(my/ L)
MC MC - 4
Coagul ant Based | Based | Based | Based | Based
G4 (mg/ L) on on on on on
an Test Test Test Test Test
Coagul ant Set Set Set Set Set
aid 1-1 3-1 3-2 3-3 3-4
(my/ L)
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Chapter 4
Experinmental Results: Surface Runoff

4.1 Prescreening Tests

The function of the prescreening tests was to determ ne the
ranges of operational paraneters to be utilized in the study for
the control variables enployed. As stated in Chapter 3, E-1 and
E-2 represent alum numsulfate and ferric chloride, respectively.
Nanmes and identifications of coagulant aids and MCs are indicated
in Tables 3-4 and 3-8, respectively. A series of jar tests was
performed with conditions stated in Table 3-7.

Rapid m xi ng. Based on the prescreening trials, two stages of
rapid mxing were used in the MC weighted jar tests. 1In the
first stage, a mxing rate of 150 rpmfor 10 seconds was required
tolift MCs fromthe bottomof the jar into suspension. |In the
second stage, a mxing rate of 100 rpmwas required to keep the
MC in suspension. It was observed that floc growth began 10
seconds fromthe begi nning of the second rapid m xi ng stage.

Fl oc shear woul d occur due to the rapid speed if the rapid m xing
rate of 100 rpm were continued. Based on this observation, a 10-
second duration was selected in the second stage of rapid m xing.

Slow m xing (flocculation). It was observed that both MC and
flocs would settle without further flocculation if the slow
mxing rate were lower than 60 rpm 60 rpmwas found to be an
appropriate mxing rate to avoid floc shear but still keep MCs
and flocs in suspension. A 10-second duration was found to be
sufficient for the floccul ati on process.

In the MC weighted jar test, the total mxing tinme (approxi mately
30 seconds) is nmuch shorter than those used in conventional jar
tests. This indicates that MC m ght be an effective approach in
reducing the treatnent tine and in turn, the treatnent cost,
conpared to conventional coagul ati on processes. Due to the
presence of MCs, however, both rapid and floccul ati on m xi ng
rates of MC weighted jar tests were higher than those of
conventional jar tests.

In addition, it was observed that the supernatant was rather

clear after 3 mnutes of settling. As a result, 3 and 8 mnute
sanpling times were selected to study the settling kinetics.
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Table 4-1 is a summary of experinental settings based on
prescreening tests. These settings were used as operating
conditions for both screening and confirmative tests.

Table 4-1. Summary of Experinental Settings

Par anet er Val ue
Rapid m xing rate -- stage-1 150 rpm
Rapid m xing duration -- stage-1 10 sec
Rapid m xing rate -- stage-2 100 rpm
Rapi d m xing duration -- stage-2 10 sec
Sl ow mi xing (Flocculation) rate 60 rpm
Sl ow mi xi ng duration 10 sec
MC concentration -- 1 3 g/L
MC concentration -- 2 10 g/L
MC size -- 1 530150 pm
MC size -- 2 1500 250 pm
Settling time -- 1 3 mn
Settling time -- 2 8 mn
Coagul ant concentration 10080 ng/ L
Coagul ant ai d concentration 0.301.5 ny/L
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§.2 Ef fects of MC Coagul ati on

Figure 4-1 illustrates cumnul ative volunme distributions versus
particle size before and after the MC wei ghted coagul ati on. For
the raw sanple (before treatnent), the neasurabl e range of

particle size is from1l to 170 pm whi ch consists of 81% from 10

to 100 uym and 14% smaller than 10 um After the MC coagul ati on,
the particles in the supernatant of the jar were found to be < 2

pm which indicated that all particles > 2 pm were renoved.

Figures 4-2 (A) and (B) illustrate the particle size distribution
characteristics of the raw sanpl e and supernatant sanple after
treatment, respectively. For the raw sanple, the distribution
peak is at approximate 50 uymwhile the small particles (fromO.7
to 2 um) were either undetectable or only a | ow percent age
conpared to the peak.

100 T )?»»»)»»)»»)»»»»'»'»»»‘)»»»)»»»»»»' 393595595995999959
- /
§ —x— Treated sample
o 60 - —— Raw sample
= X
© 40 4
E
3 20 4
0 : >Z< ey
0.1 1 10 100 1000

Particle Size (micrometers)

MC-1: MC Size Range = 530150 pum MC Concentration = 3 g/L
E-1: Alum num Sul fate Concentration = 40 ng/L
PE-1: Pol yel ectrol yte PCL- EZ-2466 Concentration = 1 ng/L

Figure 4-1. Particle Sizes of Raw and Treated Sanpl es (Cumul ati ve)
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MC-1: MC Size Range = 530150 pum MC Concentration = 3 g/L
E-1: Alum num Sul fate Concentration = 40 ng/L
PE-1: Pol yel ectrol yte PCL- EZ-2466 Concentration = 1 ng/L

Figure 4-2. Particle Sizes of Raw and Treated Sanpl es
(D stributions)
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After the treatnent, only particles smaller than 2 pmwere found
to remain in the supernatant of the sanple. Since the |arger
particles were all renmoved fromthe sanple, the percentage of
smal | particles increases. A sunmmary of particle size
distributions in different ranges is shown in Table 4-2. One can

see that nore than 96% (> 2 um of particles were renoved from
the raw sanple. The renoval efficiency for the 4% snaller

particles (< 2 um was indicated by the particle count rate
di scussed bel ow.

Figures 4-3 (A) and (B) present conparisons of turbidity and
particle count rate (PCR) results with and w thout using an MC
for different coagulant aids. Turbidity has been used
extensively as a water quality indicator in water and wastewater
treatment process analysis. The count rate, utilizing a unit of
kil o-count per second, is directly related to the particle
concentration in the solution; therefore, it is a good indicator
for colloidal particles (containing particles smaller than 0.45
m croneter) for which TSS neasurenent is usually not applicable.
Both turbidity and particle count rate of supernatant sanples
with MC are much | ower than those without MC. It is apparent
that the addition of MC inproves the treatnment process

ef fectively.

Table 4-2. Particle Size Distribution of Raw and Treated Sanpl es

Size Range (um 0.6901 | 102 | 2010 |100100| 1000170

Vol ume Raw <0.1 4 10 81 5

(% Tr eat ed 84 16 |[<0.1]<01]| <o0.1
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Turbidity
D

Turbidity of Raw Sample= 74 ntu
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15 +

10 +

Particle Count Rat«
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MC Without MC

(A) PE-4 (Anionic)

Particle Count Rate of Raw Sample = 35 kcps

MC- 1:

PE-3: Pol yel ectrol yte PCL- EZ-2696 Concentration =
PE-4: Pol yel ectrol yte POL- EZ- 7736 Concentration

With

MC Without MC

(B) PE-3 (Non-ionic)

MC Si ze Range

= 530150 pum MC Concentration

=3 g/L

E-1: Alum num Sul fate Concentration = 40 ng/L

Fi gure 4-3.

Ef f ecti veness of the MC Process
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4.3 Screening Tests

For each test set, supernatant sanples were taken at 3 minute and
8 mnute settling times, respectively. The tinme difference for
sanpling six jars was |l ess than 15 seconds, which was negligi bl e.

Screening tests include three | evels of setup conditions that are
sumari zed in Tables 3-10 through 3-12 (Section 3.3). Results of
these three levels of tests are described in the foll ow ng

secti ons.

Level One

In this level, only an MC and a coagul ant were used for the
treatment process. The concentration of coagul ant range fromO
to 80 ng/L (see Table 3-10).

pH
Figure 4-4 illustrates the relationship of pH and coagul ant
concentration. It is seen that pH decreases as coagul ant

concentration increases. All pHvalues are in the range of 6.5
to 7.5 except for jar nunber six with 80 ng/L coagul ant. For
coagul ant concentration between 20 and 80 ng/L, pH values with 8
mnute settling tine are closer to neutral than those with 3
mnute settling tine. The changes of pH values may be due to
that some of the i mediate pH drop (as al um num hydroxide is
formed fromalum is counteracted by a slow | oss of carbon

di oxi de to the atnosphere, raising the pH slowy.

Turbidity

Figure 4-5 shows the turbidity distribution versus coagul ant
concentration. Here the |owest turbidity for both 3 and 8 m nute
settling times was found at 60 ng/L. In addition, the 8-mnute
settling time yields better results (lower turbidity) than the 3
mnute settling tine.

Zeta Potenti al

Figure 4-6 illustrates zeta potential values versus coagul ant
concentrations. It can be seen that the zeta potential basically
i ncreases as coagul ant concentration increases. At coagul ant
concentrations between 60 and 80 ng/L, the differential of zeta
potential becones greater between settling tinmes of 3 mnutes and
8 m nutes.

Turbidity versus Zeta Potenti al

It is of interest to see the correl ation between zeta potenti al
and turbidity presented in Figure 4-7. The turbidity decreases
for less charge in the zeta potential range of -10 to -25 nV. A
| og-linear regression was performed based on neasurenents wthin
t he negative zeta potential range. The straight Iine in the
positive zeta potential side is the imaging |ine of the negative
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side. Since there is only one point on the positive side,
regression at this side is inpossible. Generally, organic
colloids require zeta potentials near zero for optinal

coagul ation, while clay-related turbidity is best renoved at
slightly negative zeta potentials. In this case, the fact that
the neasured point is very close to the inmage line indicates that
the zero potential is the image symmetrical point, and so, is the
best for turbidity renoval

Particle Count Rate

The particle count rate for 60 ng/L coagul ant was found to be 1.2
and 1.0 at settling times of 3 mnutes and 8 m nutes,
respectively (see Figure 4-8). Results showed that approximately

50% of the small particles (< 5 un) were renoved fromthe raw
sanple in 3 mnutes

Level Two

Level two paraneters include MC, coagul ant, and four types of
coagul ant aids with a fixed concentration of 1 ng/L. For each
coagul ant ai d, coagul ant concentration was varied fromO to 80
ng/ L (see Table 3-11).

pH
Figure 4-9 shows a typical pH distribution versus coagul ant
concentration. It appears that the relationship between pH and

coagul ant for both level one and level two tests is simlar. A
summary of pH behavior for the four coagulant aids at two
different settling tines (3 and 8 mnutes) is shown in Figure 4-
10. pH values were found to be close to 7 when coagul ant
concentrations were in the range of 20 to 40 ny/L.

Turbidity

The | owest value of turbidity was obtai ned at 40 ng/L coagul ant
as shown in Figure 4-11. A plot of turbidity distributions (with
3 and 8 mnute settling tinmes) versus coagul ant concentration
with the four coagulant aids is illustrated in Figure 4-12.

Based on the turbidity results, the optinml coagul ant
concentration for level two was 40 ng/L for all four coagul ant
aids. It was indicated that turbidity with 8 mnute settling
time is lower than that with 3 mnute settling time. This is
true because the longer the settling tine, the nore the particles
will be renoved.

Total Solids and Total Volatile Solids

Figure 4-13 and Figure 4-14 illustrate the total solids and total
vol atile solids distributions, respectively. It can be seen that
8 mnutes settling tine yields better results for both total
solids and total volatile solids. The total solids results
denonstrate that 40 ng/L was the optimal coagul ant concentration
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For total volatile solids results, the optimal coagul ant
concentration was between 20 and 40 ng/L. Simlar results were
obtained for the total solids and total volatile solids renovals.

Particle Count Rate

Figure 4-15 illustrates a conpari son between particle count rate
and turbidity. It can be seen that a simlar trend indicates 40
ng/ L of coagul ant as the optinmal concentration for turbidity and
particle count rate renoval

Turbidity versus Zeta Potenti al

Figure 4-16 illustrates zeta potential distributions versus
coagul ant concentrations. Since anionic coagulant aid was added
into the mxture, all supernatant sanples, with the exception of
80 ny/L of coagul ant sanples, have | arger negative charge than
the raw sanple. Figure 4-17 shows the correlation between
turbidity and zeta potential by using a |og-linear regression
based on the negative zeta potential data. 1In addition, an inmage
line was drawn for the positive zeta potential side with respect
to the inmage centerline of - 10 nV zeta potential (Z2). Simlar
to level one, it can be seen that turbidity decreases with | ower
zeta potential.

Level Three

In Il evel three, four coagulant aids with concentration ranging
fromO0.3 to 1.5 ng/L were tested with MC-I and 40 ng/L coagul ant
whi ch was determined in level two tests to be the optimal dosage
for all four coagul ant aids.

pH

Figure 4-18 shows the pH val ue versus coagul ant aid concentration
for the four coagulant aids at 3 and 8 mnute settling tines.
Results indicate that coagulant aid concentration had no ngjor

i nfl uences on pH val ues.

Turbidity and/ versus Zeta Potenti al

Based on the test results, the trends of turbidity renoval are
different for various types of coagulant aids. Figure 4-19
reveals that turbidity decreases as coagul ant aid (PCL-EZ-2696)
concentration increases up to 1 ng/L, but varies between 1 ng/L
to 1.5 ng/L. In this test set, 1 ng/L is considered as the best
coagul ant aid dosage. Sinmlar observations can be found from
zeta potential distributions (see Figure 4-20). By conparing the
above two figures, one can see that there exists a mrror inmage
phenonenon. As a result, a correlation between turbidity and
zeta potential in the presence of coagul ant aid can be
established. Figure 4-21 shows the correlation of zeta potenti al
with turbidity. The results show that the turbidity decreases
for | ess negative charge in the range between -25 and -8 nV.
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Figure 4-22 shows that turbidity decreases as coagul ant aid (POL-
EZ- 2466) concentration increases up to 1.2 ng/L and reaches its

| onest point between 0.7 and 1.2 ng/L. Figure 4-23 shows zeta
potential distributions. Again, the mrror inmge phenonmenon can
be observed fromthese two figures. The correlation between zeta
potential and turbidity is presented in Figure 4-24. It can be
seen that in the zeta potential range of -3 to -15 nV, turbidity
has no significant change while in the zeta potential range of -
15 to -22 nV, turbidity decreases as zeta potential approach |ess
negati ve charge. For other coagulant aids, the results are
sunmari zed in Table 4-3.

Particle Count Rate, Total Solids and Total Volatile Solids

Particle count rate distribution versus coagul ant aid
concentration is illustrated in Figure 4-25. At this point, no
definite conclusion can be drawn as a result of the tw n peaks.
Simlar trends were observed in total solids and total volatile
sol ids versus coagul ant aid concentration as shown in Figures 4-
26 and 4-27, respectively. Therefore, there appears to be a
functional relationship anmong particle count rate, total solids,
and total volatile solids.

Summary

Based on the screening test results, the coagul ant concentrations
of 60 nmg/L w thout coagulant aid and 40 ng/L with 1 ng/L of

coagul ant aid yielded better turbidity reduction efficiency.

Rel ati onshi ps between turbidity and zeta potential under
different conditions are listed in Table 4-3. For level one with
coagul ant in the absence of coagulant aid, the |owest turbidity
point (symmetrical point) is at zero potential. For |evel two

wi th additions of both coagulant (various concentrations) and
coagul ant aid (constant concentration), the lowest turbidity
point shifted fromzero potential to the range of -10 to +10 nV.
For level three, for all four coagulant aids with various
concentrations, the relationships between turbidity and zeta
potential are either nonotonously increasing (for anionic POL-EZ-
7736) or decreasing (for cationic PO.-EZ-2466, POL-EZ-3466 and
non-i oni ¢ POL- EZ- 2696) .
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Table 4-3. Relationship of Turbidity and Zeta Potenti al

Condi tion Correl ati on Equation

Level 1 .
Coagul ant concentrations: 10080 ng/L
Wt hout Coagul ant aid

log T=-1-0.12Z (- 25 <2Z2<0)
log T=- 1+0.12Z(0< Z< 15
L [ 2
eve Coagul ant concentration: 10080 ng/L
Four coagul ant aids (concentration = 1 ng/L)
PE- 1 log T=- 0.87 - 0.08 (- 25 < Z < - 6)
log T=- 0.38 (- 6 <Z < 15)
PE- 2 log T =0.87 - 0.02 Z (- 25 < Z < 10)
log T= 0.19 + 0.038 Z (10 < Z < 15)
PE- 3 log T=- 0.9 - 0.1(Z+7) (- 256 < Z < - 7)
log T=- 0.9 + 0.1(2+7) (- 7 < Z < 10)
PE- 4 log T=- 0.5- 0.08(z+10) (- 30 < Z < - 10)
log T=- 0.5+ 0.08(Z+10) (- 10 < Z < 10)

53




Level 3
Coagul ant concentration = 40 ng/L

Four coagul ant aids (concentrations: 0.301.5 ng/L)

PE-1 log T =0.8 - 0.02 zZ
(-22 < Z < - 3

PE- 2 log T =0.79 - 0.007 Z
(-20 < Z < 30)

PE- 3 log T=0.33- 0.02 zZ
(-25 < Z < - 8)

PE- 4 | og
(

Not e:
T = Turbidity (ntu); Z = Zeta potential (mv)

4.4 Confirmative Tests

Based on the results fromscreening tests, confirmtive tests
were conducted to exam ne the influence of MC size and

concentration on the MC process. Two MC size ranges, (530150 pm

defined as small MCs and 1500250 pm as |large MCs) and two MC
concentrations (3 g/L as |ow concentration and 10 g/L as high
concentration) were tested. Coagulant and coagul ant aid
concentrations of 40 ng/L and 1 ng/L were used, respectively, for
each jar test set.

MC-1 versus MC-3 and MC-2 versus MZ-4

Figure 4-28 illustrates the turbidity distributions for small MCs
with different MC concentrations. It is apparent that the high
concentration yields lower turbidity than the | ow concentration
for the four coagulant aids. Figure 4-29 shows the turbidity
distributions for large MCs with different MC concentrations.

The trend is simlar with the small MC except for coagulant aid
PCL- EZ7736 (anionic). Conparing the above two figures, one can

54



see that the influence of MC concentration is nore pronounced in
the smal | er di aneter range.

MC-1 versus MC-2 and MC-3 versus MZ-4

Figure 4-30 conpares the results of different MC sizes for |ow MC
concentrations. Except for coagul ant aid POL- EZ-2696 (non-
ionic), large MCs yield lower turbidity. Figure 4-31 conpares
the results of different MC sizes for high MC concentrations.

Unli ke the situation for | ow MC concentration, the | ower
turbidity results were obtained fromsmall MCs for all four

coagul ant aids. Figure 4-32 is a turbidity sumary based on
coagul ant ai d grouping.

Based on the turbidity analyses illustrated in Figure 4-33, MC 3,
nanmel y, 530150 um si ze range and 10 g/ L dosage, yields the best

results.
Turbidity versus Particle Count Rate

Figure 4-34 presents the correl ation between particle count rate
and turbidity. The correlation coefficient of turbidity and
particle count rate was 0. 5.
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Figure 4-1. Particle size Distributions of raw and treated sanpl es

Figure 4-2. Effectiveness of the MC process

Figure 4-3. Effectiveness of the MC process
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Turbidity (ntt
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Turbidity of raw sample = 79 ntu
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Electrolyte Concentration (mg/L)

MC-1:. MC Size Range = 530150 um MC Concentration = 3 g/L
= 10080 ny/L

E-1 (Electrolyte): Alum num Sul fate Concentrations =
Settling Time: 3 and 8 m nutes; Wthout Polyelectrolyte

Figure 4-5. Turbidity Versus Coagul ant Concentration (Level-1)
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Zeta Potenti al
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58

Di stributions (Level-1)

80



Turbidity

Zetapotential = -20 mV;  Turbidity = 79 ntu

Raw sample:

100.0 ¥
M easurement
10.0 ¢ d Regression
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1.0 ¢ \
logT= -1- 01Z
logT=-1+ 01Z
Correlation coefficient = 0.6
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Zeta Potential (mV)

MC-1: MC Size Range = 530150 pum MC Concentration = 3 g/L
E-1 (Electrolyte): Alum num Sul fate Concentrations = 10080 ng/L
Wt hout Polyel ectrolyte

Figure 4-7. Correlation of Zeta Potential and Turbidity (Level-1)
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Turbidity
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E-1 (Electrolyte): Alum num Sul fate Concentrations = 60 ng/L
Settling Tinme: 3 and 8 m nutes; Wthout Polyelectrolyte
Figure 4-8. Particle Count Rate for the Best Coagul ant Concentration (Level -
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pH
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pH of raw sample= 7.6
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Electrolyte Concentration (mg/L)

MC-1: MC Size Range = 530150 pm MC Concentration = 3 g/L

E-1 (Electrolyte): Alum num Sul fate Concentrations = 10080 ng/L
PE-3: Pol yel ectrol yte POL- EZ- 2696 Concentration = 1 ng/L
Settling Time: 3 and 8 m nutes

Figure 4-9. Typical pH D stributions (Level-2)
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Figure 4-10. Summary of pH Distributions (Level-2)
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Turbidity
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Turbidity of raw sample = 74 ntu

A — —A=~ 3 min _

Electrolyte Concentration (mg/l)

MC-1: MC Size Range = 530150 pm MC Concentration = 3 g/L
E-1 (Electrolyte): Alum num Sul fate Concentrations = 10080 ng/L
PE-4: Pol yel ectrol yte POL- EZ- 7736 Concentration = 1 ng/L
Settling Time: 3 and 8 m nutes

Figure 4-11. Typical Turbidity D stributions (Level-2)
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Turbidity

Turbidity of raw samples: 74 -- 137 ntu

100.0 ¢ Turbidity boundaries 3 min average 8 min average
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Electrolyte Concentration (mg/L)

MC-1: MC Size Range = 530150 um MC Concentration = 3 g/L
E-1 (Electrolyte): Alum num Sul fate Concentrations = 10080 ng/L
PE-1: POL- EZ-2466; PE-2: POL-EZ-3466; PE-3: POL-EZ-2696; PE-4: POL-EZ-7736
Pol yel ectrol yte Concentration = 1 ng/L; Settling Tinme: 3 and 8

Figure 4-12. Summary of Turbidity D stributions (Level-2)
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Figure 4-13. Total Solids Distributions (Level-2)
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Count Rate (kcps) or Turb

Raw sample:  Count Rate = 33.8 kcps, Turbidity = 85 ntu

—®— Count Rate

—*— Turbidity

Electrolyte Concentration (mg/L)

MC-1:. MC Size Range = 530150 uym MC Concentration = 3 g/L

E-1 (Electrolyte): Alum num Sul fate Concentrations = 10080 ng/L
PE- 3: Pol yel ectrol yte POL- EZ-2696 Concentration = 1

Figure 4-15. A Conparison of Turbidity and Particle Count Rate (Level-2)
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Zeta Potenti al
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Zeta potential of raw sample = -16 mV

10 20 30 40 50
Electrolyte concentration (mg/I)

MC-1: MC Size Range = 530150 pm MC Concentration

E-1 (Electrolyte): Alum num Sul fate Concentrations
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Settling Time: 3 and 8 m nutes
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Figure 4-16. Zeta Potential Distributions (Level-2)
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Turbidity

Raw sample: Zeta potential = -16 mV, Turbidity = 74 ntu
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MC-1: MC Size Range = 530150 pm MC Concentration = 3 g/L
E-1 (Electrolyte): Alum num Sul fate Concentrations = 10080 ng/L
PE-4: Pol yel ectrol yte POL- EZ- 7736 Concentration =1

Figure 4-17. Correlation of Zeta Potential and Turbidity (Level-2)
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70

1.6



Turbidity of raw samples= 152 ntu

Turbidity
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Polyelectrolyte concentration (mg/L)

MC-1: MC Size Range = 530150 pum MC Concentration = 3 g/L
E-1 (Electrolyte): Alum num Sul fate Concentrations = 40 ng/L

Pol yel ectrol yte: PE-3:. POL-EZ-2696; Polyelectrolyte Concentration = 0.301.5 ng/L
Settling Time: 3 and 8 m nutes

Figure 4-19. Turbidity Distributions (Level-3; POL-EZ-2696)
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PE- 3: POL- EZ-2696; Pol yel ectrolyte Concentration = 0.301.5 ng/L
Settling Time: 3 and 8 m nutes

Figure 4-20. Zeta Potential Distributions (Level-3; POL-EZ-2696)
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Raw sample:  Turbidity of = 152 ntu; Zeta potential = -21 mV
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MC-1: MC Size Range = 530150 pm MC Concentration = 3 g/L
E-1 (Electrolyte): Alum num Sul fate Concentrations = 40 ng/L

Pol yel ectrol yte: PE-3:. POL-EZ-2696; Polyelectrolyte Concentration = 0.301.5 ng/L
Settling Time: 3 and 8 m nutes

Figure 4-21. Correlation of Zeta Potential and Turbidity (Level-3)
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Turbidity of raw samples= 158 ntu
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Pol yel ectrol yte: PE-3: POL-EZ-2696; Polyelectrolyte Concentration = 0.301.5 ng/L
Settling Time: 3 and 8 m nutes

Figure 4-22. Turbidity Distributions (Level-3; POL-EZ-2466)
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Zeta potential of raw sample = -21 mV
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PE-1: POL- EZ-2466; Pol yel ectrolyte Concentration = 0.301.5 ng/L
Settling Time: 3 and 8 m nutes

Figure 4-23. Zeta Potential Distributions (Level-3; POL-EZ-2466)
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Raw sample:  Turbidity = 158 ntu;  Zeta potential = - 21 mV
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Figure 4-24. Correlation of Zeta Potential and Turbidity (Level-3)
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Count rate of raw samples = 11.2 kcps
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Pol yel ectrol yte: PE-1. POL-EZ-2466; Polyelectrolyte Concentration = 0.301.5 ng/L
Settling Time: 3 m nutes

Figure 4-25. Particle Count Rate Distribution (Level-3; POL-EZ-2466)
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Total solids of raw sample = 960 mg/L
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Pol yel ectrol yte: PE-1. POL-EZ-2466; Polyelectrolyte Concentration = 0.301.5 ng/L
Settling Time: 3 and 8 m nutes

Figure 4-26. Total Solids Distributions (Level-3; POL-EZ-2466)
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Total volatile solids of raw sample = 480 mg/L
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Settling Time: 3 and 8 m nutes

Figure 4-27. Total Volatile Solids Distributions (Level-3; POL-EZ-2466)
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Turbidity
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MC-1: MC Size Range = 530150 pum MC Concentration = 3 and 10 g/L
E-1 (Electrolyte): Alum num Sul fate Concentrations = 40 ng/L
Coagul ant Aid (Polyelectrolyte) Identification in Table 3-4

Pol yel ectrol yte Concentration = 1 ng/L; Settling Tinme = 8 m nutes

Figure 4-28. Turbidity for Different MC Concentrations (Small M)
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Turbidity
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Settling time = 8 min
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MC-1:. MC Size Range = 15000250 pum MC Concentration = 3 and 10 g/L
E-1 (Electrolyte): Alum num Sul fate Concentrations = 40 ng/L
Coagul ant Aid (Polyelectrolyte) Identification in Table 3-4

Pol yel ectrol yte Concentration = 1 ng/L; Settling Time = 8 mnutes

Figure 4-29. Turbidity for Different MC Concentrations (Large M)
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Turbidity
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MC Group Identification, Size Range and Concentration in Table 3-8
E-1 (Electrolyte): Alum num Sul fate Concentrations = 40 ng/L
Coagul ant Aid (Polyelectrolyte) Identification in Table 3-4

Pol yel ectrol yte Concentration = 1 ng/L; Settling Time = 8 m nutes

Figure 4-32. Turbidity Sunmary for Confirmative Tests (by MC G oup)
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Figure 4-33. Turbidity Summary for Confirmative Tests (by Coagul ant Aid G oup)
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Figure 4-34. Correlation of Particle Count Rate and Turbidity
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Chapter 5
Experinental Results: Conbi ned Sewer Overfl ow

The purpose of this chapter is to exam ne the effectiveness of
the MC process as a treatnment technol ogy for conbi ned sewer
overflows (CSO (as was previously analyzed in the treatnent for
surface runoff). 1n developing this process, an experinental
program was carried out. The analyses were based on past
experience and information noted in Chapter 4. The experi nental
results are summari zed hereby in four phases, nanely,
prescreening tests, effectiveness of MC process, control variable
optim zation, and response variabl e eval uati on.

5.1 Prescreening Tests

M xi ng Paraneters. The m xing paraneter setup for the CSO
treatnment is simlar to those of the surface runoff tests as
described in Chapter 4. For CSO sanples, it was observed that
flocs grow gradually within one to two m nutes during slow m xing
(flocculation). Along with the growh of flocs, the mxing rate
shoul d vary from 60 rpmat the beginning to 20 rpmat the latter
part of m xing process in order to reduce shear stress and avoid
fl oc break down. The total mxing time is less than two m nutes.

Tabl e 5-1 presents a summary of experinmental settings to be used
i n subsequent tests in control variable optimzation and response
vari abl e eval uati on. These settings were based on prescreening
tests.

5.2 Effect of the MC

The effect of the MC wei ghted coagul ati on was eval uated vi a
turbidity indicator as well as particle size distribution at the
pre- and post-jar test of raw and supernatant sanples,
respectively. Figure 5-1 presents results of turbidity versus
settling time with and wi thout the use of an MC. Wth the MC
process, the turbidity was reduced from85 ntu (for the raw
sanple) to 5.0 and 3.1 NTU at the 3- and 10-mnute settling
times, respectively. At the 3- and 10-m nute settling tinmes, the
turbidity without MCis 10 and 5.6 tines that of the turbidity
levels with MC, respectively. Thus, the MC treatnent process is
effective for renpoval of turbidity in CSO sanples.

Figures 5-2 and 5-3 illustrate cunul ative and non-cunul ati ve
vol une distributions versus particle size before and after the MC
treatment process, respectively. For the raw sanple (before
treatment), the measurable range of particle size was fromO0.5 to

60 umwith 93% particles larger than 2 umin size. After the MC
treatment, the particles in the supernatant of the sanple were

found to be smaller than 2 ym thus indicating that particles
larger than 2 ymin the raw sanple were totally renoved
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Table 5-1. Summary of Experinent al

Settings for

Par anet er Val ue
Rapid m xing rate -- stage-1 150 rpm
Rapid m xing duration -- stage-1 10 sec
Rapid m xing rate -- stage-2 100 rpm
Rapi d m xing duration -- stage-2 10 sec
Sl ow mi xing (Floccul ation)rate 20060 rpm
FIl occul ati on m xi ng duration 101.5 nmin
MC concentration 107 g/L
MC size range - 1 53075 pum
MC si ze range - 2 1500 250 pm
Settling time 1020 mn

Ferric chloride concentration

100100 ng/ L(as Fe™)

Coagul ant aid (polyel ectrolyte)
concentration

0.5015 g/ L
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Turbidity for Raw Sample = 85 ntu

40 + O with MC
30 + 0 without MC

Turbidity
N
o

Settling Time (min)

MC-5: MC Size Range = 53075 um MC Concentration = 3g/L
E-2: Ferric Chloride Concentration = 40 ny/L(as Fe™)
PE-5: Pol yel ectol yte 309C Concentration = 2 ng/L

Figure 5-1. Effect of MC

£ —e— Treated sample
{ — &« - Raw sample

N
o
|
T

Ccunul ati ve Vol unt
)

0 AT gy

0.1 1 10 100 1000

Particle Size (micrometers)

MC-5: MC Size Range = 53075 um MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ny/L(as Fe™)
PE-5: Pol yel ectol yte 309C Concentration = 1.5 ng/L

Figure 5-2. Particle Sizes of Raw and Treated Sanpl es (Cumul ative)
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(A) Raw Sample

D 15-- :
(] |
2 5 |
= i A7
S 10 micrometers” |
&) |
= |
P |
54 |
|
: :
S —— e ]
0.1 1 10 100 1000

Particle Size (micrometers)

40 — ° (B) Treated Sample

30 +

\ 2 micrometers

Vol une Percentage D
N
o

0.1 1 10 100 1000

Particle Size (micrometers)

MC-5: MC Size Range = 53075 um MC Concentration = 3g/L
E-2: Ferric Chloride Concentration = 40 ny/L(as Fe™)
PE-5: Pol yel ectol yte 309C Concentration = 1.5 ng/L
Figure 5-3. Particle Sizes of Raw and Treated Sanpl es
(D stributions)
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5.3 Control Variable Determ nation

In the determ nation of the effectiveness of the MC process,
turbidity and particle count rate were enployed as prinmary and
secondary indicators, respectively. Six paraneters, including
coagul ant concentration, coagulant aid concentration, M size, M
concentration and settling tinme were identified as control
variables. Results fromeach of the control variables with
respect to the turbidity and particle count rate are presented in
this section.

Coagul ant Concentration

Turbidity and particle count rate of post treatnent supernatant
sanples with respect to coagul ant concentration are illustrated
in Figure 5-4 (A) and (B), respectively. It can be seen that the
opti mal coagul ant concentration is 40 ng/L for both turbidity and
particle count rate indicators. The renoval rates are 98%  for
turbidity and 95% for particle count rate at the optim

coagul ant concentration. These results are confirmed in Figure
5-5 that al so shows that the optimal dosage for coagulant is 40
nmg/ L. Al though the raw sanples for these two tests are from
different batches, the results are simlar.

It is of interest to note that the distribution trends for

turbidity and particle count rate are very simlar. Figure 5-6
indicates a linear relationship between these two paraneters.
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120 +

Turbidity for Raw Sample = 176 ntu

100 |
> 80+
T g0+
o 404
>
=20+
0
0

Particle Count Rat
w
S

20 40 60 80 100 120
E-2 Concentration (mg/L)

(A) By Turbidity Indicator

PCR for Raw Sample = 353 kcps

20 40 60 80 100 120
E-2 Concentration (mg/L)

(B) By Particle Count Rate Indicator

MC-5: MC Size Range = 53075 um MC Concentration = 3g/L

E-2: Ferric Chloride Concentration Range: 100100 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 2 ng/L

Fi gure 5-4.

Settling Time = 3 mn
Coagul ant Concentration Selection (Test-1)
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Turbidity

Particle Count Rat«

150 + Turbidity for Raw Sample = 161 ntu

90 -

(o))
o
1

w
o
1
1
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500

400
300
200

100 -

0 20 40 60 80 100
E-2 Concentration (mg/L)
(A) By Turbidity Indicator
T PCR for Raw Sample = 303 kcps
°
80 100

E-2 Concentration (mg/L)

(B) By Particle Count Rate Indicator

MC-5: MC Size Range = 53075 um MC Concentration = 3 g/L

E-2: Ferric Chloride Concentration Range: 0080 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 1 ng/L

Fi gure 5-5.

Settling Time = 3 mn
Coagul ant Concentration Sel ection (Test-2)
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400 T
®  Measurementt
§ 300 + — Linear Regression
c
>
8 200 T
(V)
©
8 100 t
®
0 : : : : : |
0 20 40 60 80 100 120

Turbidity (ntu)

MC-5: MC Size Range = 53075 pum MC Concentration = 3g/L

E-2: Ferric Chloride Concentration Range: 20110 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 2 ng/L
Settling Time = 3 mn

Figure 5-6. Particle Count Rate Versus Turbidity

Coagul ant Aid Concentration

Figure 5-7 presents a conparison of the turbidity distribution
versus coagul ant aid concentration for two coagul ant
concentrations (20 and 40 ng/L). The coagul ant aid concentration
appears to have less influence on final turbidity in | ow dosages

(ranged 002.5 ng/L) for both coagul ant concentrati ons.

For hi gher coagul ant aid concentration ranged 3015 ng/L, 6 ng/L
dosage resulted |owest turbidity as illustrated in Figure 5-8.
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Turbidity for Raw Sample = 176 ntu

100 i — a— 20MglL Of E-2
¥ —e— 40 MyL of E-2
L __
3 I §h§~_§h————h_ —_— A
— S —
2 10+
o -
S .
= — P o //.
1 I I I I I
0 0.5 1 15 2 2.5
PE-5 Concentration (mg/L)

MC-5: MC Size Range = 53075 pum MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectrolyte 309C, Settling Time = 3 mn

Figure 5-7. Polyelectrolyte Concentration Sel ection (Low Dose)

95



| urpiaity Tor Raw sample = 8/ ntu

Turbidity

6 9 12 15 18
PE-5 Concentration (mg/L)

MC-5: MC Size Range = 53075 pm MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectrolyte 309C, Settling Time = 3 mn
Figure 5-8. Polyelectrolyte Concentration Selection (H gh Dose)

MC Concentrati on

Four different MC concentrations, ranging between 1 and 7 g/L
were utilized to determ ne an optimal value. Figures 5-9(A) and
(B) illustrate turbidity and particle count rate distributions
versus four different MC concentrations, respectively. In Figure
(A), a sharp decrease in turbidity was observed for MC
concentrations between 1 and 3 g/L, with slight fluctuations at 5
and 7 g/L of MC. Although 7 g/L MC yields the |owest turbidity,
the inprovenent is only 23%greater conpared with 3 g/L MC while
the MC concentration level is increased by 133% Using particle
count rate as an indicator in Figure (B), 3 g/L MC appears to
yield the lowest result. Based on the results of both turbidity
and particle count rate, a 3-g/L of MC was sel ected as the

opti mal concentrati on.

MC Size

Five different size ranges for MCs were enployed in the tests.
Turbidity and particle count rate versus the five different MC
sizes, along wth one sanple without MC, are shown in Figure 5-10
(A) and (B), respectively. It can be seen that the size range
from53 to 75 pymyields the best results for both turbidity and
particle count rate. Thus, this size range was selected as the
opti mal MC si ze.
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Turbidity

Particle Count Rat

10 — Turbidity for Raw Sample = 176 ntu

1 3 5 7
Microcarrier Concentration (g/L)
(A) By Turbidity Indicator
40 — PCR for Raw Sample = 353 kcps

30

20 +

10 +

1 3 5 7

Microcarrier Concentration (g/L)

(B) By Particle Count Rate Indicator

MC Size Range = 53075 pm

E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 2 ng/L

Figure 5-9. MC Concentration Sel ection
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Turbidity

Rat

Particl e Count

12 1

10 1

Turbidity for Raw Sample = 82 ntu

None < 53 53-75 75-106 106-150 150-250

Microcarrier Size (microns)

(A) By Turbidity Indicator

Particle Count Rate for Raw Sample = 269 kcps

None < 53 53-75 75-106 106-150 150-250

Microcarrier Size (micrometers)

(B) By Particle Count Rate Indicator
MC Concentration = 3g/L

E-2: Ferric Chloride Concentration = 40 ng/L as Fe'™;

PE-5: Pol yel ectol yte 309C Concentration = 2 ng/L
Figure 5-10. MC Size Sel ection




Settling Tine

Settling time required is one of the key factors in the

coagul ation-fl occul ation treatnent process since settling

ki netics governs the treatnment efficiency, duration, and thus the
size of the treatnent facility. The MC process appears to provide
very efficient settling characteristics for CSO treatnment.

Figure 5-11 shows results of turbidity versus settling tinme from
1 to 10 mnutes. In both tests, the post-treatnent turbidity was
reduced to 1.3 ntu with a mnor fluctuation within a two-mnute
settling period. The average turbidity renoval rate was 98% over
the settling duration of 2 to 10 m nutes.

Figure 5-12 illustrates a conparison of settling kinetics with
and wi thout the use of MC, respectively. 1In this test, it can be
seen that the MC process enhances both short-term (3 mnutes) and
long term (20 m nutes) settling characteristics.

12 1
\\ Raw Sample Condition:
97 \ — = Turbidity = 52 ntu
- \
- \ —* Turbidity = 72 ntu
©
6 =+
= \
E \
\
3 4+
0 : : : : |

Settling time (min)

MC-5: MC Size Range = 53075 um MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 6 ng/L

Figure 5-11. Turbidity Versus Settling Time with Qotinmal Condition
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Turbidity

207 A Turbidity for Raw Sample = 165 ntu
\
\
15 T \ — *— Without MC
\
\ —*— WithMC
~

10 T =~ ~

5 4

0 : : : |

Settling Time (min)

MC-5: MC Size Range = 53075 pum MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 1 ng/L
Figure 5-12. Turbidity Versus Settling Tine
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5.4 Response Vari abl e Eval uati on

During the CSO treat nment
the foll owi ng paraneters:
suspended solids, total

sol i ds,

st age,
turbidity,

t ot al

particle count

vol atil e solids,

rate,

t he response vari abl es i ncl uded

pH,

particle

size distribution, total

organi ¢ carbon, total

i norgani c carbon,

f ecal

coliform and zeta potential.

Anong these paraneters,

turbidity and particle count

rate have been presented in Section

5.3. In this section, the results of the other response
vari abl es are eval uat ed.
pH
Figure 5-13 illustrates pH distributions for two different raw
sanples along with settling tine from1l to 10 mnutes. It can be
seen that under the optimal control variable setup, all pH val ues
are within the range of 6.0 to 7.5.
0T
8 Raw Sample Condition
75T —* pH= 6.7
—* pH= 68 AN
T - AN
o 7.0 T / N
/ ~N
/ ™
p——— ~
v
6.5 T ~ O A
6.0 . : . : . : . : |
0 2 4 6 8 10
Settling Time (min)
MC-5: MC Size Range = 53075 pum MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 6 ng/L
Figure 5-13. pH Versus Settling Time with Optinmal Condition
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Suspended Sol i ds

Figure 5-14 illustrates suspended solids versus settling tine
with two different m xing periods, i.e., 2 and 4 m nutes,
respectively. Excellent results for both sanples were found to
be less than 10 ng/L with the exception of one sanple with a one-
mnute settling tine. Suspended solids were found to be |ess
than 2 ng/L with a 4-mnute mxing tine. The renoval efficiency
is 97% after 2 mnutes of mxing (average from3 to 10 mi nute
settling) and 99.5% after 4 mnute of mxing (average from1l to 7
m nute settling), respectively. For both tests, the supernatant
suspended solids reach the | ower measurenent limt (0.1 ng/lL)
after 7 mnutes of settling.

Suspended Solids for Raw Sample = 87 mg/L

100 £ . :
E Mixing Duration
n ~ ~
s 0% S — — —*— 2min
3 ‘\ —*— 4min
© 1 N
@ N
©
S N
o AN
g 01 . N —— — — — — -
)
0.01
0 2 4 6 8 10

Settling Time (min)

MC-5: MC Size Range = 53075 pum MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 6 ng/L
Figure 5-14. Suspended Solids Versus Settling Tine
Total Solids

The MC process was designed to renove suspended solids and any
contam nants associ ated wth suspended solids. Therefore, if
suspended solids are the najor conponent in the total solids, as
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for surface runoff treatnent, then the total solids renoval could
be effective. However, if dissolved solids were the ngjor
conponent in total solids, the total solids renoval efficiency
woul d be significantly limted by the content of organic portion
of suspended solids in the raw sanple. For the CSO treatnent,
total solids renoval rates are approximately 50% as illustrated
in Figure 5-15.

500 1
/.\ /

- 400 1 - =
%2}
©
— 300 T
3 Total Solids for Raw Sample = 780 mg/L
< 200 T
o
|_

100 T

0
0 5 10 15 20

Settling time (min)

MC-5: MC Size Range = 53075 pum MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 1 ng/L

Figure 5-15. Total Solids Versus Settling Tine

Total Volatile Solids

As wth total solids renoval, the total volatile solids renoval
efficiency was also limted by the content of organic portion of
suspended solids in the raw sanples. It was found that the total
volatile solids renoval rate was in the range of 60%to 80% The
results of the two sets of jar tests wwth simlar conditions but
di fferent sanple batches are illustrated in Figure 5-16.

103



Raw Sample

600 T —— TVS= 440 mg/L
— 500 + *— TVS= 460 mg/L
3
o 400 1
& 300 T — T T T
3 bt
200 1
T
© 100 T ‘\/”/\
0 : : : |
0 5 10 15 20

Settling Time (min)

MC-5: MC Size Range = 53075 pum MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 1 ng/L

Figure 5-16. Total Volatile Solids Versus Settling Tine

Total Organic and | norganic Carbon

Figures 5-17 (A) and (B) show the results of total organic and

i norgani c carbon wth respect to settling time for two different
raw sanples. It appears that a 3-mnute settling tine would be
sufficient to achieve a stable condition. It was observed that
the average total organic and inorganic carbon renoval rates over
the settling times from3 to 20 m nutes are approxi mately 50 and
70 percent, respectively. It was found that these renoval rates
remai ned the sanme al though the post-treatnent total organic and

i norgani c carbon values varied for different raw sanple
conditions. These renoval rates were [imted by the fact that
only total organic carbon associated with the suspended solids
were renoved while total organic carbon in the dissolved format
still remained in the solution after the MC process treatnent.
Figure 5-18 illustrates conparison results fromtwo different

m xi ng durations, 2- and 4-mnute, respectively. |t appears that
the influence of mxing duration (2- to 4-mnute) is
insignificant with respect to total organic and inorganic carbon
removal s.
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100 T ——+ = TOC = 137 mg/L
Raw Sample Condition:
—*— TOC = 76 mg/L

80 T
N e——-""" e —— - —_-———————— — — = A
B 607
8 401 \\4
|_ i o— . 4 @

20 T

0
0 5 10 15 20
Settling Time (min)
(A) Total O ganic Carbon
Raw Sample Condition:

50 —

20 1 —a—TIC= 34mg/L
_ —e—TIC= 27 mg/L
B 30+
o RN -
= 27T N — — e — — ———

10 4+

— o . o— —°
0 1 : 1 : 1 : 1 : 1 :
0 5 10 15 20 25

Settling Time (min)

(B) Total Inorganic Carbon

MC-5: MC Size Range = 53075 pm MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 1 ng/L

Figure 5-17. Total Oganic and I norganic Carbon D stributions
(with different raw sanpl es)
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TOC for Raw Sample = 44 mg/L

30 +
.
i / \l—~\—\§————n—____‘
Z £ e o
5 20 1 S o
8 10 L — @ — 2 min mixing
—aA—4 min mixing
0 . . I . I I
0 2 4 6 8 10 12
Settling Time (min)
(A) Total Organic Carbon
TIC for Raw Sample = 35 mg/L
30 +
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N—r i —-\ ”"‘55--
o= o~ T T -
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- 10 + \g.{; ~ — —
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0 2 4 6 8 10 12

Settling Time (min)

(B) Total Inorganic Carbon
MC-5: MC Size Range = 53075 um MC Concentration = 3 g/L

E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 6 ng/L

Figure 5-18. Total Oganic and I norganic Carbon D stributions
(wth different m xing duration)
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Fecal Coliform

Figure 5-19 shows fecal coliformdistribution versus settling
time. It appears that for a 7-minute settling tine, the fecal
coliformis reduced to approxi mtely 300 per 100 nL. The renoval
rate was observed as greater than 75% (considering the initial
concentration was 1200 per 100 ni).

Fecal Caliform for Raw Sample > 1200 per 100 mL

1000 71 1500 > 1200 > 1200 > 1200
© 800 T
o
£
5 600 T
8 400t
T
S 2001
LL
0

1 2 3 5 7 10
Settling Time (min)

MC-5: MC Size Range = 53075 pum MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration = 40 ng/L as Fe™
PE-5: Pol yel ectol yte 309C Concentration = 6 ng/L

Figure 5-19. Fecal ColiformD stributions

Rel ationship of Particle Count Rate and Turbidity

Figure 5-20 illustrates the particle count rate distribution
versus turbidity. A linear regression between these two
paraneters was performed and the correlation coefficient is 0.94,
whi ch indicates a strong relationship. Since the data ranges
over nore than two magnitudes, a log-log distribution of particle
count rate and turbidity is shown in Figure 5-21. The |og-1o0g
correlation of these two paraneters was found to be 0.8. A |og-

I og linear regression was al so perfornmed. The regression
equations are expressed as foll ows:

PCR = 3(Turbidity) +4. 4 For linear regression
Log(PCR) = 0. 91Log( Turbidity) + 0. 54 For 1 og-1og regression
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Figure 5-20. Particle Count Rate Versus Turbidity
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Figure 5-21. Particle Count Rate Versus Turbidity (log-1o0g)
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Zeta Potenti al
The rel ationship between zeta potential and turbidity is

illustrated in Figure 5-22. It appears that the treatnent

is

nore effective when particles have | ess charge. A sem-|og

regressi on was performed based on test results. However,

it was

noted that in nost CSO sanples, zeta potential data fluctuated,

whi ch nmay be due to the varying charge characteristics of

raw

sanples. The relationship between zeta potential and turbidity
in CSOtreatnent is not as clear as in surface runoff treatnent.

100 Raw Sample Condition
L Turbidity = 58 ntu;  Zeta potential = 6.9 mV
[
>
S 10 ¢
5 -
S
|_
T = 20 exp (0.052)
" Correlation Coefficient = 0.7
1 : : |
-15 -10 -5

Zeta Potentia (mV)

MC-5: MC Size Range = 530075 um MC Concentration = 3 g/L
E-2: Ferric Chloride Concentration: 20040 ng/L as Fe™

PE-5: Pol yel ectol yte 309C Concentration: 6018 ng/L

Figure 5-22. Turbidity Distribution Versus Zeta Potenti al
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Chapter 6
Summary and Reconmendati ons

6.1 Summary

Based on the results of the MC weighted jar tests, the principal
concl usi ons can be summari zed as foll ows:

1

2.

Conventional jar test procedure was nodified to fit the MC
wei ght ed coagul ati on assessnent.

In performng the MC weighted jar tests, three stages of

m xing were used. First, a rate of 150 rpmwith 10 seconds
duration was used to m x coagulant with liquid and Iift the
MC fromthe bottomof the jar into suspension. Second, a
m xing rate of 100 rpmwi th 10 seconds duration was used to
m x flocculent and maintain the MC in suspension. Third, a
rate of 60 rpmwi th 10 seconds duration was found to be
sufficient for the flocculation process in treating storm
runoff sanples. In the CSO treatnent process, one to two
m nut es was needed for the third stage (floccul ation

m Xi ng) .

For a better result of surface runoff treatnent, the dosage
of alum num sul fate concentration was found to be 40 ng/L
with the addition of 1 ng/L coagulant aid (flocculent).

Fromthe CSO tests, the coagul ant concentration was found to
be 190 ng/L as Fed ,.6HO or 40 ng/L as Fe™ with the
addition of 6 ng/L coagulant aid (floccul ent).

Among the four MCs tested for surface runoff treatnent, the
MC in a size range of 53 to 150 um at a dosage of 10 g/L

yi el ded the best results in conjunction with the coagul ant
and polyelectrolyte. For the CSOtreatnent, MCin a size
rangf of 53 to 75 uym at a dosage of 3 ng/L yielded better
results.

. After three mnutes of settling, the foll ow ng renoval rates

wer e achi eved:
(A) Surface runoff testing:
« 98% for turbidity

« 94% for particles smaller than 5 pum

« 99%for particles larger than 2 pm
« 83%for total solids
+ 95% for total volatile solids
(B) CSO testing
« 98% for turbidity
« 98%for particles smaller than 5 pum

« 99%for particles larger than 2 pm
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7.

« 99% for suspended solids
« 50%for total solids

Rel ati onshi ps between the zeta potential and turbidity were
guantified by log-linear expressions for different
conditions (as presented in Table 4-3).

. The rel ationship between particle count rate and turbidity

was quantified (as indicated in Figures 4-35, 5-20 and 5-
21) .

. In view of high percentage of fine particles (< 5 um

reduction in both stormrunoff and CSO one nay concl ude
that the associated toxic heavy netals (as indicated in
Table 1-1) mght be substantially renoved by the MC wei ght ed
coagul ati on.

6. 2 Recommendati ons

The MC wei ghted coagul ation is a new process, and many factors
that affect the aspects of coagul ation and floccul ati on bench-
test (jar test) are still not well understood. For future
studies, the follow ng investigations are recomended:

1

2.

O her types of coagul ants and coagul ant aids (floccul ent or
pol yel ectrol ytes) shoul d be eval uat ed.

In order to verify the effect of MC wei ghted coagul ati on on
toxi ¢ heavy mattes renoval as evidenced in the high
percentage (> 90% of fine particles (<5 pum) reduction in
MC jar test, neasurenent of additional paraneters as |isted
in Table 1-1 should be included in experinental design as
respond water quality paraneters.

. MC wei ght ed coagul ati on kinetics should be studied in

detail. The floc growth and shear rates are related to
particle and floc concentrations and sizes, particle
collision and stability coefficient, floc breakup constant,
and velocity gradient. To investigate the flocculation
kinetics, the velocity gradient, particle size and
concentration should be controlled to evaluate the particle
collision and stability coefficients as well as to develop a
fl oc breakup constant. A nodel of MC kinetics should be
investigated in order to devel op greater MC process

ef ficiency.

. Prototype studies are necessary to expand the present bench

scale level (i.e., jar testing) in order to provide

engi neering design paraneters and operational procedures for
utilization in a treatnment plant. In order to perform on-

site evaluation, a nobile unit should be devel oped for this

pur pose.
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ABSTRACT

In wet-weather flow (WWF) a significant amount of toxic pollutants are associated with
colloidal solids. Sedimentation with coagulation is considered to be an effective method
of removing large quantities of suspended solids from water and wastewater. A new
high-rate settling process, using microsand or amicrocarrier (MC) as a settling carrier of
colloids, has been developed and applied for treating both wet- and dry-weather flows
(WWF/DWEF). The addition and recirculation of the MC resultsin higher settling
velocities and allowable tank overflow rates. The MC plays a crucial rolein enhancing
settling properties, and in particular, the removal of colloidal particles and associated
contaminants.

A detailed testing procedure and a method of experimental analysis using amodified jar
test for the MC process have been developed. A series of MC weighted jar tests were
undertaken on parking lot storm runoff, synthetic samples, and combined sewer overflow
(CSO) mixed with aMC, coagulant and coagulant aid. Two particle analyzers with a
range of 0.002 to 5 micrometers (um) and 0.1 to 2,000 um, respectively, were used to
determine the full range of particle size distribution. Different materials were used as the
MC inthisstudy. The operational parameters evaluated include coagulant dosage,
coagulant aid type and dosage, mixing- and floccul ation-induced hydraulic shear or
velocity gradients and duration, and characteristics of the MC. The pH, turbidity, particle
size distribution, total solids, total volatile solids, suspended solids, and zeta potential
were determined. The experimental results revealed that MC weighted coagulation
dramatically reduced coagulation-flocculation duration (< 3min) and settling time (< 8
min) producing flocs with high settling velocity and high quality supernatant. Reductions
of turbidity from >80 NTU (raw samples) to <2 NTU (supernatant samples) were
achieved.

' Environmental Engineer, ® ORISE Research Engineer at the time of this study, and “ Wet-Weather
Flow Research Program Leader, Urban Watershed Management Branch, Water Supply and Water
Resources Division, National Risk Management Research Laboratory, U.S. Environmental Protection
Agency, Edison, NJ 08837.

(@ Assistant Professor and ®Professor, Department of Civil and Environmental Engineering, New Jersey
Institute of Technology, Newark, NJ 07102.



INTRODUCTION

A significant amount of toxic pollutants in wet weather flow (WWF) are associated with
smaller particles (< 10 um), including toxic-organic chemicals (e.g., benzene,
polynuclear aromatic hydrocarbons [PAH], and polychlorinated biphenyls [PCB]) and
heavy metals (e.g., arsenic, cadmium, chromium, copper, lead, mercury, and zinc).
Sedimentation with coagulation is generally considered to be an economica method of
removing large quantities of suspended solids (SS) from water and wastewater. A new
high-rate settling process, using microsand or amicrocarrier (MC) as a settling carrier of
colloids, has been developed and applied for treating both wet- and dry-weather flows
(WWF/DWEF). The addition and recirculation of MC will result higher settling velocities
and allowable tank overflow rates. This processisaso known as “ballasted-
coagulation.” It has been reported that an MC unit would increase solids removal by
more than 80% at a range of overflow rates of 50 to 100 m*h/m? (20 to 40 gpm/ft®). This
high-rate process consists of the addition of MC, coagulant, and coagulant aid with the
influent in amixing chamber followed by coagulation-floccul ation and sedimentation.
The MC plays acrucia role in enhancing settling properties, and in particular, the
removal of colloidal particles and associated contaminants.

Objectives. The objectives of thisinvestigation were:

- Evaluate the applicability of conventional jar test procedure to the MC weighted
coagulation, and if needed, modify the jar test procedure for screening MCs,
coagulants, and coagulant aids;

« Test the effects of different types and dosages of coagulant and coagulant aid in
conjunction with MC for selection of the most effective combination;

+ Investigate the effect of MC on particle size distributions and zeta potential of
colloids in urban WWF by using the modified jar test procedure.

METHODOLOGY

Materials

MC. Ottawa sand was selected, due to its abrasion resistance, and small and uniform
size. The sizerange of Ottawa sand tested was between 100 and 500 um. The MC size
ranges and concentrations were determined by prescreening tests.

Coagulants. Alum (aluminum sulfate, Al,(SO4)3¢ 18H,0)and ferric chloride
(FeCl 3+ 6H,0) were used as the coagul ants for this study.

Coagulant Aids. Five polyelectrolytes from two different manufacturers were used in the
experiments. Among them, four (POL-EZ-2466, POL-EZ-3466, POL-EZ-2696, and
POL-EZ-7736, by Calgon Corporation, Pittsburgh, Pennsylvania) were used in surface
runoff tests and one (309C, by Polydyne, Inc., Riceboro, Georgia) for combined sewer
overflow (CSO) tests.



Apparatus and Instruments

The descriptions for the major test apparatus and analytical instruments used for the
investigation, including the measured parameters, range, model number, and
manufacturer, are briefly described as follows:

Particle size analyzer |, designated as PSA-I (Master-Sizer X, Malvern
Instruments Inc.), is alarge particle size analyzer with a measurement range from
0.1 to 2000 pm.

Particle size analyzer 11, designated as PSA-I1 (90Plus with ZetaPlus, Brookhaven
Instruments Corporation), is asmall particle size anayzer with a measurement
range from 0.002 to 5 um. PSA-II is equipped with disposable sample cells that
eliminates the cross sample residue influence.

The zeta potential meter and PSA-I1 are integrated in one unit. The measurement
range of the zeta potential meter isfrom 0.1 to 200 mV with the particle size range
from 0.002 to 30 um. Theresolution is sample dependent and in the range of 0.1% to
5%.

Jar test apparatus: A Phipps and Bird (Model PB-700™). Dimensions of each jar
are11.5 X 11.5 X 21 cm depth which is capable of testing awater sample volume
of 2,000 ml. Each mixer is equipped with aflat stirring paddle (7.6 X 2.5 cm or
19.3 cm?). The areaof the paddlie was increased to 38.7 cm? for the MC jar test in
order to generate more rigorous turbulence for keeping the microsand in
suspension.

Turbidity meter.

pH meter.

Balance.

MC Weighted Jar Test
The procedures include the following steps:

1.

Collect storm surface runoff sample, prepare synthetic sample, or CSO sample.
M easure the sample for pH and turbidity.

Pour 1,000 ml of the water sample into each two-liter jar of the jar-test apparatus
and check stirrer operation. A light table facilitated viewing the contents of the
jars.

Add controlled amounts (dosages) of MC, coagulant, and coagulant aid to the
jars.

4. Flash mix for 20 to 60 s at 100 to 200 rpm.

Slow mix for 10 to 120 s at 30 to 60 rpm. Record the elapsed time before a
visible floc isformed. If large flocs are formed, reduce the paddle speed. Record
the appearance of the floc formed.

After flocculation, remove paddles and settle for 2 to 30 min.



7. Collect the supernatant from the sampling port on each jar and measure turbidity;
the settled solids should not be disturbed during sampling. Select and record the
dosage of coagulant and coagulant aid based on the supernatant clarity and
settleability of floc.

RESULTS

The followings summarize the results of MC jar tests with surface runoff and CSO:

Surface Runoff

Figure 1 illustrates cumulative volume distributions versus particle size before and after
the MC weighted coagulation. For the raw sample (before treatment), the measurable
range of particle sizeisfrom 1 to 170 um which consists of 81% from 10 to 100 pum and
14% smaller than 10 um. After the MC coagulation, the particles in the supernatant of
the jar were found to be < 2 um, which indicated that all particles > 2 um were
removed.
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Figurel. Particle Sizesof Raw and Treated Surface Runoff Samples (Cumulative)

Figure 2 (A) and (B) illustrate the particle size distribution characteristics of the raw
sample and supernatant sample after MC treatment, respectively. For the raw sample, the
distribution peak is at approximate 50 pum while the small particles (from 0.7 to 2 um)
were either undetectable or only at alow percentage compared to the peak. After
treatment, only particles <2 um remained in the supernatant. Since the larger particles
were al removed from the raw sample, the percentage of particles <2 um increased
significantly. The removal efficiency for particles <2 um was measured by the particle
count rate (PCR) that is directly related to the number of particles counted per unit time
in a solution expressed as kilo-count per second (kcps). Results of PCR areindicated in
Figure 3.
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MC jar tests were conducted with both coagulants and coagulant aids. Figure 3 (A) and
(B) present supernatant turbidity and PCR results with and without MC. Both turbidity
and PCR of supernatant samples with MC are much lower than those without MC. Itis
apparent that the addition of MC improves the treatment process effectively.
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CSO
Figures 4 and 5 illustrate cumul ative and discrete volume distributions versus particle

size of raw sample and supernatant after M C weighted coagulation, respectively. For the
raw sample (before treatment), the measurable range of particle sizeisfrom 0.5 to 60 um
with 93% (by volume) > 2 um. After the MC coagulation, the particlesin the
supernatant of the jar were found to be < 2 um, indicating all particles > 2 um were
removed.
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The effect of the MC was evaluated using turbidity and particle size distribution as
indicating parameters. Figure 6 presents results of supernatant turbidity versus settling
time with and without MC.
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CONCLUSIONS
Based on the results described above, conclusions can be summarized:

1. A testing procedure for experimental analysis of the MC process has been
developed.

2. The MC process was found to be effective in reducing coagul ation-sedimentation
time, which, in turn, will reduce the sizing requirements of the process needed
compared to a conventional physical-chemical treatment facility. The total
treatment time could reduceto < 10 min utilizing the M C-weighted coagul ation-
sedimentation process. Although stormwater and CSO samples with varying
influent characteristics can be anticipated to react differently to the MC process, it
is expected that the tremendous reduction in settling time found in this study will
generaly extend (in varying degrees) to all storm runoff and CSO samples.

3. In performing the MC-weighted jar tests (i.e., the modified jar test developed
under this study), three stages of mixing, with 10 s duration in each stage, were
used: (1) 150 rpm to lift the MC from the bottom of the jar into suspension, (2)
100 rpm to keep the MC in suspension, and (3) 60 rpm for the coagul ation-
flocculation process to treat storm runoff samples. For CSO treatment, the third
stage duration for coagulation-flocculation was found to be optimal at 1 to 2 min.

4. The best combination coagulant/coagulant aid in the surface runoff MC study,
was found to be 40 mg/L aluminum sulfate (coagulant) and 1 mg/L cationic
polyelectrolyte, POL-EZ-2466 (coagulant aid). For CSO 40 mg/L coagulant

(ferric chloride, asFe™ ") with 1 mg/L coagulant aid (cationic polyelectrolyte,
309C) resulted in the best turbidity removal.

5. Inthe MC size and concentration study, the range of 53 to 150 um at a dosage of
10 g/L yielded the best results for surface runoff. For CSO treatment, MC in a
sizerange of 53 to 75 um at a dosage of 3 g/L resulted in the lowest supernatant
turbidity.

RECOMMENDATIONS
The following is recommended for the future:

1. Additiond jar teststo refine the MC coagulation process for removal of toxic
pollutants and microorganisms in urban WWF with different types of coagulant
and coagulant aid.

2. Pilot studiesto verify and expand upon the present bench-scale level (i.e., jar
testing) in order to provide engineering design and operational procedures for
full-scale MC systems.
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